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General introduction
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1.1 Biogeomorphology – concepts of habitat-modification, 
alternative stable states and self-organization
1.1.1. The emergence of biogeomorphology
In the absence of life, landscapes are sculpted entirely by physical processes. For instance, 
endogenic forces drive the movement and collision of tectonic plates, resulting in the 
formation of mountain ridges, while exogenic forces such as wind and rain can weather 
and erode the bare rocks (Corenblit et al., 2011, Balke, 2013). Ever since the Cambrian 
period, when the first simple plant species started colonizing land, but in particular since the 
Silurian - when vascular plants developed - they have left an indelible mark on the Earth’s 
landscape (Gibling and Davies, 2012, Fischer, 2018). This is reflected in the vast amount 
of fossilized imprints of vegetation-induced sedimentary structures, such as scour holes, 
riverbeds or scratch marks, that date back to early Palaeozoic strata (Rygel et al., 2004). The 
extensive root system of vascular plants can intensify the weathering of bedrock, promoting 
the production of finer grained sediment, and in turn stabilize landscapes of these finer 
grained sediment particles (Davies and Gibling, 2010, Gibling and Davies, 2012, Osterkamp 
et al., 2012, Pawlik et al., 2016, McMahon and Davies, 2018). The impact of vegetation 
is particularly visible in the evolution of fluvial landscapes over the Palaeozoic Era, with 
wide sand-beds before the existence of land-plants, which developed into channelled and 
meandering rivers with alluvial mudrock during the late Silurian and Devonian periods. The 
later expansion of trees and woody debris in the Carboniferous caused the emergence of 
complex braided river landscapes (Davies and Gibling, 2010, Gibling and Davies, 2012). 
Landscapes that are formed through the interaction between biotic and physical processes 
are generally referred to as biogeomorphic landscapes. The concept of biogeomorphology is 
of course not restricted to the realm of plants and many other organisms including bacteria, 
archaea, fungi and animals have equally impacted and shaped landscape formation both 
underwater and on the land (Corenblit et al., 2011, Erwin and Tweedt, 2012). Coral reefs, 
for example, are one of the best-known examples of biogenic systems, with substrate-
providing sediment formed by calcium carbonate excreting polyps. However, reef formation 
commenced long before corals existed in the pre-Cambrian period when microorganisms, 
and particularly cyanobacteria, started forming hard structures (e.g. stromatolites, 
thrombolites) by binding sediment and/or precipitating carbonate (Riding, 2011, Nutman 
et al., 2016). Nowadays, however, we cannot identify any life-form that has impacted both 
biological en geophysical processes as much as mankind (Ellis, 2015). The significant impact 
of humans on the global environment has even led scientists to define a new geological 
epoch: the Anthropocene (Crutzen, 2002, Smith and Zeder, 2013).
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1.1.2. Habitat-modifying species and self-reinforcing feedbacks
Despite the obvious impact of biota on the Earth’s surface, until recently, geomorphologists 
studied the formation of landscapes without considering the impact of life forms, while 
ecologists studied the community composition of its inhabitants as a product of their 
physical environment (Molnar and England, 1990, Cornell and Lawton, 1992, Polis et al., 
1997, Burbank et al., 2003, Liam et al., 2010, Corenblit et al., 2011). Although it has 
long been acknowledged that species can impact their physical environment (Darwin, 
1892, Thayer, 1979, Naiman et al., 1988, Jones et al., 1997), it was not until the ‘90’s 
when Jones and co-authors (1994, 1997) introduced the term of ecosystem engineers 
that this tight connection between biota and their physical environment was explicitly 
conceptualized. Ecosystem engineers are species that directly or indirectly modulate their 
physical or biotical environment (Jones et al., 1994). Autogenic ecosystem engineers or 
habitat-modifying species are often sessile species that can alter their physical environment 
through their own structure, for instance by attenuating flows of wind and water through 
their shoots, thereby trapping sediment particles, or by losing oxygen from their roots 
thereby oxygenating the soil (van der Heide et al., 2007, Van Hulzen et al., 2007, Zarnetske 
et al., 2012). In turn, these modifications can reinforce the survival or growth of that same 
species by, for example, escaping flooding stress through sediment accretion or by oxidizing 
reduced phytotoxic chemical compounds such as sulphide or ammonium (Van der Heide 
et al., 2008, Lamers et al., 2013, Corenblit et al., 2015). These self-reinforcing feedbacks 
can increase the range of environmental conditions a species can cope with and, therefore, 
increase the persistence of these habitat-modifying species (Chapter 6).
1.1.3. Alternative stable states – the dynamics of feedback driven ecosystems
When the positive feedbacks between organisms and their environment are sufficiently 
strong, this may potentially lead to the emergence of alternative stable states of either an 
unmodified bare landscape or a biologically modified landscape (May, 1977, Wilson and 
Agnew, 1992, Scheffer et al., 1993, Beisner et al., 2003, Marani et al., 2010, Kéfi et al., 
2016). This implies that under a range of environmental conditions both states can actually 
exist and persist and that transitions from one state to the other are abrupt (Scheffer et 
al., 2001, Scheffer et al., 2012). The general idea behind this is that positive feedbacks can 
amplify small deviations, propelling the system away from its initial state, whereas negative 
feedbacks are self-dampening and stabilizing (DeAngelis et al., 2012). We can envisage this 
by thinking of how coastal dunes are formed. Life on the beach is tough for plants, because 
frequent seawater flooding prevents the establishment of vegetation by inducing severe 
physical and physiological stresses (e.g. drag, salinity) (Barbour et al., 1985, Maun, 2009). 
However, stochastic variability in flooding frequency or severity (acting as a “Window of 
Opportunity’) may lead to temporal disturbance-free deviations, enabling the vegetation 
to establish (Balke et al., 2014). Once established, vegetation can generate positive or 
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self-reinforcing feedbacks by trapping and accumulating wind-transported sediment, which 
in turn allows them to escape increasingly higher water levels (Puijenbroek et al., 2017). 
However, the maximum size of the dune is eventually controlled by a negative feedback 
between wind flow and topography (Durán and Moore, 2013). As the foredune grows, 
sand needs to be transported further up the slope, meaning that sand supply decreases 
with increasing dune size and eventually the dune stabilizes at the maximum dune size. 
However, the same feedback mechanisms also apply the other way around. Once a 
particularly large storm has impacted and eroded the dunes, the decrease in sand bed 
level leaves the vegetation unprotected and causes even more storms to erode the dunes, 
eventually driving the system back to the bare unmodified beach state and impeding future 
establishment of vegetation (Koppel et al., 2004, van der Heide et al., 2007).
 
1.1.4. The concept of self-organization in nature
In particularly harsh environmental conditions, local positive feedbacks of the vegetation can 
actually cause a negative feedback on adjacent bare areas by for instance attracting scarce 
resources like water in semi-arid ecosystems (HilleRisLambers et al., 2001), or by diverging 
water flow around the vegetation patch in, for example, intertidal marshes (Temmerman 
et al., 2007, van Wesenbeeck et al., 2008). These scale-dependent feedbacks of local 
facilitation and long-distance inhibition can generate a regular spatially patchy landscape 
in which both alternative stable states, i.e. modified vegetation patches and unmodified 
bare patches, alternate and co-exist (Rietkerk and van de Koppel, 2008). This self-organized 
pattern formation has been observed in many coastal biogeomorphic ecosystems including 
saltmarshes (Temmerman et al., 2007, van Wesenbeeck et al., 2008), musselbeds (Koppel et 
al., 2005), seagrass meadows (Van der Heide et al., 2010) and intertidal mudflats (Weerman 
et al., 2010). A number of theoretical (Lejeune et al., 2002, Rietkerk et al., 2004, van de 
Koppel and Rietkerk, 2004) and empirical studies (Van de Koppel et al., 2008, Pringle et al., 
2010, de Paoli et al., 2017) have shown that self-organization can have positive emergent 
effects on important ecosystems functions such as overall productivity or resilience. 
1.1.5. Threats to coastal ecosystems and the promise of biogeomorphic ecosystems
Unfortunately, the natural spatial structure of many coastal ecosystems has been lost or 
is at risk due to mostly human-mediated modifications (Nyström et al., 2000, Crain et al., 
2009, Pendleton et al., 2012, Kirwan and Megonigal, 2013).  With ~1.2 billion people living 
within a 100 km distance of the coast (Small and Nicholls, 2003), the world’s shorelines 
are heavily impacted by coastal development, exploitation of natural capital (e.g. fisheries, 
tourism), land reclamation or transformation of coastal wetlands to agricultural land (Valiela 
et al., 2001, Adam, 2002, Orth et al., 2006, Defeo et al., 2009). In turn, these modifications 
have strongly reduced the natural capacity of our shorelines to mitigate storm waves and 
surges and to accumulate water and wind-transported sediment to keep up with relative 
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sea-level rise (Barbier et al., 2008, Kirwan et al., 2010, Gedan et al., 2011, Temmerman et 
al., 2012)
However, over the coming decades, as a result of global change leading to an increase in 
storm intensity and accelerated sea-level rise, the risks of coastal flood disasters will likely 
increase dramatically (Knutson et al., 2010, Young et al., 2011, Church et al., 2013). In 
addition, conventional coastal engineering techniques, such as the building of dikes, sea 
walls and groynes, require constant costly maintenance and construction making them 
unsustainable solutions to combat future sea-level rise (Bouma et al., 2013). The combined 
effects of loss of natural coastal ecosystems, the increased future risks of flooding and the 
unsustainability of hard-structure engineering, has pressurized coastal managers worldwide 
to conserve the remaining natural shorelines and to restore degraded coastal ecosystems 
(Halpern et al., 2008). As explained in section 1.3 the feedback-driven dynamics of these 
biogeomorphic coastal ecosystems greatly hampers species establishment and complete 
failures are therefore a common outcome (Bayraktarov et al., 2016). Recent studies have, 
however, empirically shown that harnessing the natural spatial organization of species can 
strongly amplify restoration sucesses (Silliman et al., 2015, de Paoli et al., 2017). However, 
to what extent coastal plants in natural conditions can actually impact their engineering 
strength by controlling the spatial organization of their shoots, remains to be elucidated. In 
Chapter 2 and 3 we demonstrate that the clonal expansion strategy of dune grasses in early 
beach colonization may be key to understanding the strength of the biophsyical feedback 
and the related emergence of contrasting coastal dune landscapes.   
1.2 The study system: barrier islands as biogeomophic landscapes
1.2.1. The importance of barrier islands
Around ~10% of the world’s shorelines are protected by ocean-facing barrier islands 
(Stutz and Pilkey, 2001, Zinnert et al., 2016). These barrier islands are typically found in 
wave-dominated areas along low-gradient coasts, which facilitates a constant and high 
supply of sediment (Stutz and Pilkey, 2001). As their name already suggests, these dynamic 
landforms serve as a protective barrier, shielding the mainland coasts from the damaging 
effects of storm impact (Sallenger Jr, 2000, Houser et al., 2008). Next to their valuable 
role as coastal buffer, barrier islands provide numerous other important ecosystem services 
including carbon storage, accommodation of a variety of rare species, provision of staging 
and nesting areas for waterbirds, and facilitation of tourism and recreation (Feagin et al., 
2010, Barbier et al., 2011). However, in recent years there has been growing concern that 
the acceleration in sea-level rise and increasing intensity and frequency of storm surges 
and hurricanes will seriously impact the future development and stability of these dynamic 
islands (Woodruff et al., 2013, McNamara and Keeler, 2013).
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Based on their morphology, barrier islands can be classified as either low islands, without 
vegetated dunes, or high islands, with vegetated and well-developed foredunes (Vinent and 
Moore, 2015). Intrinsically these two island states are stable, as low islands are kept in their 
low state due to frequent overwash events, hampering the establishment of vegetation and 
associated biophysical feedbacks. In contrast, high islands are both less prone to overwash 
and when eroded, their high-elevation state can quickly recover through biophysical 
feedbacks as long as some vegetation and elevation is maintained (Vinent and Moore, 
2015). However, global sea level rise and increased storm intensity may disrupt barrier island 
dynamics by preventing the vegetation from recovering, potentially moving the system from 
a stable to a bistable or even unstable regime where storm impact may shift high islands to 
become low or even disintegrate (Vinent and Moore, 2015). The existence of bistability in 
island morphology under a range of climatic conditions and the potential of catastrophic 
shifts once critical thresholds are crossed, significantly impacts the way these landforms 
should be managed. In addition, the ocean-facing dune barrier facilitates the emergence of 
other biogemorphic ecosystems in its wake, such as intertidal shallow bays, that are home 
to seagrass meadows and shell reefs, and back-barrier marshes (Walters et al., 2014). This 
essentially means that barrier island morphology can dictate the structure and dynamics of 
these adjacent coastal ecosystems through long-distance or cross-ecosystem interactions 
(van de Koppel et al., 2015). As the biogeomorphic ecosystems within a tidal basin are all 
coupled and dependent on the morphology of the coastal barrier, this implies that a major 
storm leading to a catastrophic shift in island state may initiate a cascade of transitions 
along the whole tidal basin (McGlathery et al., 2013, Walters et al., 2014, Moore et al., 
2018).
1.2.2. The biogeomorphic succession of barrier islands
Since barrier islands emerge as a product of biophysical interactions, the concept of 
biogeomorphic succession can help understand the processes regulating the formation and 
further development of barrier islands better (Corenblit et al., 2007, Corenblit et al., 2011, 
Balke, 2013, Stallins and Corenblit, 2017, de Groot et al., 2017). This biogeomorphological 
model of succession exists of four distinct phases, i.e. the geomorphic phase, the pioneer 
phase, the biogeomorphic phase and the ecological phase (see Figure 1.1). In the 
geomorphic phase, physical forces such as tidal amplitude and climatic conditions dominate. 
The flat sand barrier is frequently overwashed and these harsh physical conditions hamper 
vegetation establishment. During temporal windows of reduced storm surges, dune-
building plants can colonize the area (Balke et al., 2014). This ‘window of opportunity’ 
concept can also apply to later successional stages of dune barrier development, such as 
the transition from low embryonic dunes to large coastal foredune complexes (Puijenbroek 
et al., 2017). Once vegetation starts to colonize the land it can modify and build its habitat 
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through biogeomorphic feedbacks (see section 1.1.2). In addition, the formation of coastal 
dunes and their effect on hydrodynamic forcing can also facilitate the colonization of plants 
in the hinterland and eventually induce the development of back-barrier marshes (Walters 
et al., 2014). When island elevation exceeds the maximum water level during storm 
surges, it obstructs the intrusion of seawater to the hinterland and vegetation composition 
becomes decoupled from the initial physical environment. In this established phase, biotic 
interactions such as competition, natural succession and herbivory primarily determine 
community composition in interaction with abiotic drivers including temperature, rainfall 
and soil conditions. This established phase can be induced or further accelerated by human 
coastal modifications such as stabilization of the foredunes or sand nourishments (Oost et 
al., 2012, Baptist et al., 2008, de Groot et al., 2017).
Figure 1.1 | Biogeomorphic succession of barrier islands adapted from Corenblit et al. (2007) and 
Balke (2013) using aerial photographs from the East-Frisian barrier island Spiekeroog. In early stages of 
development the island tail is a bare flat sand barrier, which is frequently overwashed by storm surges 
(geomorphic phase). During moments of low stochastic disturbance (Windows of Opportunity (‘WoO’)) 
plants can colonize the bare sand barrier (pioneer phase). Once these plants have established and 
exceeded a critical density they can form and sculpt landscape morphology through biophysical feedbacks 
(biogeomorphic phase). Eventually the changes in landscape morphology de-couple the vegetation from 
physical disturbances and biotic interactions (e.g. competition, herbivory) together with abiotic drivers 
(e.g. soil composition, climate conditions) determine the community composition (ecological phase). 
Aerial photographs are obtained from N. Hecker. 
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1.2.3. Anthropogenic influences on the natural integrity of the West-Frisian barrier 
islands
The Frisian barrier island system forms the boundary between the highly energetic conditions 
of the North Sea and the shallow estuarine area of the Wadden Sea and stretches along 
the coasts of Denmark (North-Frisian), Germany (East-Frisian) and the Netherlands (West-
Frisian) (Oost et al., 2012). Humans have started modifying the coasts and impacted the 
dynamics of this area since 900 BP when the first clear dike rings were built (Oost, 1995, Ey, 
2010). In present day, human alterations including wide-spread land reclamations along the 
mainland coast, closure of the Zuiderzee and the dredging and deepening of the estuaries 
and tidal basin have shaped the morphodynamics of the landscape to such an extent that 
we can hardly envisage its natural state anymore (Winterwerp, 2011, Elias et al., 2012, Oost 
et al., 2012). On the West-Frisian barrier islands, the construction of sand drift dikes since 
mid 1900 has significantly impacted the sediment-sharing capacity of the system, by closing 
off the natural washover or inter-dune areas (de Groot et al., 2017, Oost et al., 2012). The 
closure of washovers has virtually eliminated the transport of sediment to the back-barrier 
marshes and may therefore seriously hamper future salt-marsh accretion and prevent sea-
level rise compensation. In addition, the prevention of overwash events also limits seawater 
intrusion and has therefore greatly accelerated the ecological succession of back-barrier 
marshes, favouring the invasion and massive spread of late-successional climax species such 
as sea couch (Elytrigia juncea) and common reed (Phragmites australis) (Wolff et al., 2010, 
Veeneklaas et al., 2013, de Groot et al., 2017). However, to what extent rejuvenation of 
the system can be accomplished by restoration of these natural washovers remains to be 
elucidated. 
1.3 Objectives and outline of this thesis
This thesis focuses on (I) the natural processes leading to the formation of coastal dune 
barriers and (II) the effects of artificial stabilization on the composition and dynamics of 
back-barrier marshes. Using the mesotidal West-Frisian island of Schiermonnikoog as 
a study system, I aim to gain better understanding of the natural biogeomorphological 
landscape of barrier islands. For this I divided the landscape into two subsystems: the sandy 
part, where dune-building grasses control the development of a coastal barrier, and the 
muddy part situated in the wake of the dune barrier. Firstly, through a combination of field 
surveys, manipulative experiments and the use of simple conceptual models, I investigated 
the biophysical feedback mechanisms promoting the formation and resilience of coastal 
dunes (see Figure 1.2 for a graphical representation). Secondly, using the brackish reed 
marsh situated behind the sand-drift dike on Schiermonnikoog as a reference (Figure 1.2), 
I investigated to what extent biotic and abiotic stressors impact the spread and persistence 
of the present climax situation.
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1.3.1. Natural processes controlling dune barrier formation 
In chapter 2, I investigated whether beach grasses can optimize their dune-building 
capacity by manipulating the spatial organization of their shoots. Using a cross-Atlantic 
field survey, a spatially-explicit biophysical model and a field experiment I demonstrate that 
the capacity of dune grasses to build coastal dunes can be directly linked to their inherent 
clonal expansion strategy. Next, in chapter 3, I studied the effect of sand deposition on 
the growth and spatial shoot organization of European marram grass. Using a mesocosm 
experiment, I demonstrate that sand deposition on itself – irrespective of the amount of sand 
– influences the spatial shoot organization, thereby affecting the sand trapping capacity 
of marram grass. Lastly, in chapter 4, I explored how dune formation influences plant 
nutrient availability and whether resource exchange through the clonal network affects the 
resilience of dune grasses. Using a field experiment over a biogeomorphic dune gradient 
from beach to foredunes, I show that plant resilience decreases with increasing dune height 
due to overall lower resource availability and that in these homogeneously resource-poor 
environments resources translocation plays a negligible role.
1.3.2. Biotic and abiotic processes controlling the dynamics of stabilized back-barrier 
marshes
In chapter 5, I studied the effect of top-down control by greylag geese on the spatial 
structure of the brackish reed marsh located behind the sand-drift dike. Using an exclosure-
reintroduction experiment, I show that in this brackish reed marsh greylag geese act as 
ecosystem-structuring agents by maintaining the open structure and therefore the highly 
valued roosting function of the marsh. Finally, to understand if the restoration of washovers 
and increased seawater intrusion will impact the reed marsh and reinstate its previous 
biodiverse species composition, in chapter 6, I studied the importance of self-facilitation 
for overcoming seawater stress. Using a mesocosm approach, I show that through 
biogeochemical feedbacks dense reed stands can lower salinity and sulphide stress, thereby 
prevailing under saline conditions. 
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Box 1.1 
Clonal plant species used in this thesis
The sandy system – dune building species
European marram grass – Ammophila arenaria (L.) Link
European marram grass (Figure 1.3a) is the principal dune building species along the north-
western European and Mediterranean coast (Huiskes, 1979). It is generally recognized as the 
species building the highest coastal dunes worldwide and has therefore been introduced in 
a wide range of countries (e.g. Australia, New Zealand, USA and South Africa (Hertling and 
Lubke, 1999, Webb et al., 2000, Hilton et al., 2005, Hacker et al., 2012)). Its tall and dense 
growth form is assumed to enhance its sand trapping ability, and by producing vertically 
expanding rhizomes the species is able to overcome burial stress and stabilize the accumulated 
sand (Hacker et al., 2012, Zarnetske et al., 2012). The species is less tolerant of flooding/
salinity stress and in natural conditions we often find Ammophila arenaria establishing further 
from the sea and succeeding pioneer species such as Elytrigea juncea or Cakile maritima.
American beach grass  - Ammophila breviligulata (Fern.)
Originally, American beach grass and European marram grass were considered to be the same 
species (Baye, 1990). However, both species show distinct differences in growth form with 
Ammophila breviligulata having shorter and broader leaves compared to its European congener 
and a ‘superior’ ability to spread horizontally by producing laterally expanding rhizomes (see 
Figure 1.3a,b). American beach grass is native only to the eastern North American coast and 
the interior region of the Great Lakes (Maun, 1985, Baye, 1990, Silberhorn, 1999). However, 
together with Ammophila arenaria the species has been introduced along the western coast 
of the United States, where it has successfully established and expanded its range (Seabloom 
and Wiedemann, 1994). Nowadays, it is outcompeting Ammophila arenaria at several 
locations along the west coast, thereby lowering the dune profile and its associated protective 
strength (Hacker et al., 2012, Seabloom et al., 2013)
Sand couch – Elytrigia juncea (L.) Nevski (Elymus farctus)
In Northwestern Europe Elytrigia juncea is one of the primary colonizers of coastal dune 
succession originating at the strandline (Harris and Davy, 1986). Elytrigia is much more salt 
tolerant than Ammophila arenaria (van Puijenbroek et al., 2017) and often Ammophila 
arenaria colonizes the embryonic dune forms formed by Elytrigia. Elytrigia has a dispersed 
clonal expansion strategy, generating a more spread-out spatial shoot organization (Figure 
1.3c). The species is not able to produce vertically expanding rhizomes, but to overcome burial 
stress it can elongate its leaves. Dunes generated by Elyrtrigia juncea are generally low and 
wide (van Puijenbroek et al., 2017).
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Figure 1.3 | The three dune species used in this thesis: a) Ammophila arenaria, b) Ammophila 
breviligulata and c) Elytrigia juncea
The muddy system – brackish reed marsh
Common reed - Phragmites australis (Cav.) Trin ex Steud
Phragmites is a cosmopolitan grass species and often dominates the ecosystems it inhabits, 
outcompeting other species by forming dense and tall stands (Eller et al., 2017) (Figure 1.4a). 
Originally, its distribution ranged from fresh to brackish water, but the species has expanded 
its range and invaded more saline environments (Chambers et al., 1999, Altartouri et al., 
2014). Especially in the United States, the invasion of an Eurasian haplotype has caused 
extensive ecological and economical damage (Martin and Blossey, 2013, Hazelton et al., 
2014). However, at some places in Europe the species experienced sudden die-back events, 
potentially mediated by litter accumulation and the production of sulphide, a phytotoxic 
byproduct of anaerobic decomposition (Armstrong et al., 1996, van der Putten, 1997). 
Furthermore, the growing numbers of moulting greylag geese (Anser anser) in Europe can 
severely impact the dynamics or restoration of reed beds by grazing primarily on the young 
emerging shoots (Van den Wyngaert et al., 2003, Dingemans et al., 2011). Phragmites can 
expand clonally by producing thick underground rhizomes, placing its shoots often in a close 
and clumped matter, or by producing long and thin stolons (>10m) yielding a very dispersed 
shoot organization (Haslam, 1972).
Sea clubrush – Bolboschoenus maritimus (L.) Palla (Scirpus maritimus)
Bolboschoenus is a clonally expanding Cyperaceae species with a wide occurrence in Europe, 
Africa, Asia and North America (Powell et al., 1987) (Figure 1.4b). It is commonly found 
in shallow brackish to saline wetlands and is often outcompeted by Phragmites at higher 
elevated, and therefore drier or less saline environments (Charpentier et al., 2000, Esselink et 
al., 2000, Carus et al., 2017). Bolboschoenus forms round tubers at the base of its shoots that 
can stay dormant and persist for several years (Zákravský and Hroudová, 1994). The species 
is a fast colonizer – i.e. in a single growing season several tens of shoots can be formed on a 
successive rhizomal network from a single sprouting tuber – and places its shoots relatively far 
apart (Charpentier et al., 1998). In some areas staging greylag geese have caused extensive 
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Figure 1.4 | The two brackish marsh species used in this thesis: a) Phragmites australis en b) 
Bolboschoenus maritimus 
 
 
damage to brackish Bolboschoenus marshes by grubbing for the belowground tubers, 
transforming the marsh into a bare intertidal flat (Zwarts, 1972, Esselink et al., 1997), whereas 
in other areas the marsh seems to be more resilient to top-down control (Elschot et al., 2017).
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Abstract 
Lifeforms ranging from bacteria to humans employ specialized random movement patterns. 
Although effective as optimization strategies in many scientific fields, application of random 
walks in biology has remained focused on search optimization by mobile organisms. Here, 
we report on the discovery that heavy-tailed random walks underlie the ability of clonally 
expanding plants to self-organize and dictate the formation of biogeomorphic landscapes. 
Using cross-Atlantic surveys, we show that congeneric beach grasses adopt distinct heavy-
tailed clonal expansion strategies. Next, we demonstrate with a spatially-explicit model and 
a field experiment that the Lévy-type strategy of the species building the highest dunes 
worldwide generates a clonal network with a patchy shoot organization that optimizes 
sand trapping efficiency. Our findings demonstrate Lévy-like movement in plants, and 
emphasize the role of species-specific expansion strategies in landscape formation. This 
mechanistic understanding paves the way for tailor-made planting designs to successfully 
construct and restore biogeomorphic landscapes and their services.
A Dance of Ammophila  |  25
2
Introduction
In the quest for food, shelter, or conspecifics, mobile organisms such as bacteria, mussels, 
birds, fish, and even humans have been found to employ specialized search strategies that 
are well-described by various types of random walks (de Jager et al., 2011, Berg, 1993, 
Bartumeus et al., 2005, Ariel et al., 2015, Raichlen et al., 2014, Codling et al., 2008). The 
simplest and most commonly observed form, the Brownian walk, yields a single densely-
spaced search path by following an exponential step size distribution with mostly small steps. 
However, an increasing number of studies reports clear deviations from this simple strategy, 
in which organisms adopt alternative movement patterns characterized by heavy-tailed step 
size distributions that include incidental large steps. The archetypical example of such a 
strategy is the scale-invariant Lévy walk, which generates a power law distribution of small 
localized search paths interspaced with larger steps. Lévy walks have been suggested to 
optimize search success when resources are sparse and erratically distributed (Viswanathan 
et al., 1999, Sims et al., 2008, de Jager et al., 2011, Bartumeus et al., 2016). Although 
successfully used as optimization strategies in many scientific fields (Einstein, 1905, Scalas, 
2006, Codling et al., 2008), application of random walks in biology has remained focused 
on the realm of search optimization by mobile organisms.
In this study, we demonstrate that heavy-tailed random walk strategies underlie the 
ability of plants to control the formation of biogeomorphic landscapes. Such organism-
engineered systems, which include river delta’s, salt marshes, coastal dunes and seagrass 
meadows, generate over 10 trillion US$ annually in ecosystem services, such as flood 
protection, water purification, nutrient cycling, carbon storage, tourism enhancement and 
sustainment of biodiversity (Costanza et al., 1997, Schwarz et al., 2018, Barbier et al., 2011, 
Corenblit et al., 2011, Corenblit et al., 2015). Recent work revealed that the formation 
of biogeomorphic landscapes critically depends on the ability of landscape-building clonal 
plants to successfully establish by creating sufficiently large vegetation patches that are 
essential to initiate self-promoting feedbacks (Vinent and Moore, 2015, Maxwell et al., 
2017, Silliman et al., 2015). Clonally expanding plants stimulate sedimentation of airborne 
and water-suspended particles with increasing patch size and shoot density, which promotes 
their own growth and survival (Durán and Moore, 2013, Silliman et al., 2015, Maxwell et 
al., 2017). An important drawback of tight shoot clustering, however, is that landscape 
colonization becomes relatively slow (Angelini et al., 2016). Whereas the importance of 
both rapid colonization and the initiation of landscape-building feedbacks is now well-
recognized (Schwarz et al., 2018), it remains unknown if colonizing landscape-forming 
plants spatially organize their shoots to combine the needs for tight patch formation and 
clonal expansion. Here, we hypothesize that establishing coastal plants employ a Lévy-type 
expansion strategy to create a clonal network consisting of multiple dense shoot patches 
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that maximize self-promoting feedbacks at the landscape scale with a minimum investment 
in covering distances. 
To test our hypothesis, we investigated how colonizing dune-building grasses organize their 
shoots to initiate dune building. Vegetated coastal dunes protect about one-third of the 
world’s shorelines (Martínez et al., 2004, Durán and Moore, 2013). However, the size and 
shape of these dunes and thus their ability to defend the hinterland can differ greatly 
depending on the dune-building species involved (Zarnetske et al., 2012). For instance, 
Ammophila arenaria (European marram grass) forms tall and steep dunes, whereas dunes 
formed by its North American congener, Ammophila breviligulata (American beachgrass) 
are much lower and wider and therefore considered less effective in protecting the 
hinterland – even when growing in the same environment (Figure 2.1) (Zarnetske et al., 
2012, Zarnetske et al., 2015). In addition, the plants differ in their physiological tolerance to 
burial and flooding stress, respectively, with A. arenaria being more resistant to burial stress 
Figure 2.1 | Distribution and dune-morphology of both Ammophila species. a, map showing 
worldwide distribution of well-developed dune systems and the occurrence of both Ammophila species 
(adapted from (Martínez et al., 2004, CABI, 2018)). b, A typical low and wide foredune dominated by 
A. breviligulata (photo: V. Reijers), and c, a typical tall and steep foredune dominated by A. arenaria 
(photo: N. van Rooijen)
A. breviligulata foredunes A. arenaria foredunes
C)
a
b c
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by developing vertically expanding rhizomes, while A. breviligulata has a higher salinity 
tolerance. This suggests that both species have adopted different dune-building strategies 
to cope with the stressful conditions of growing at the land-sea interface (Baye, 1990). So 
far, studies on the biophysical feedback strength of the two species have related observed 
differences in dune morphology to species-specific differences in shoot densities in existing 
dune fields and their growth response to sand burial. Specifically, they conclude that (i) 
higher shoot densities promote sand capture with A. arenaria typically generating more 
shoots per square meter than A. breviligulata in existing dune fields, and (ii) the shooting 
rate of A. arenaria is stronger stimulated by sand capture compared to A. breviligulata. 
Yet, it remains to be elucidated whether dune-building grasses control biophysical 
engineering strength via the spatial arrangement of their shoots in the beach colonization 
phase when initiating dune formation is vital for escaping physical stress from flooding. 
Using random search models we aim to unravel (i) whether dune-building species differ in 
their clonal expansion strategy and (ii) whether the observed expansion strategies and the 
resulting spatial shoot organizations can be related to the sand trapping potential in these 
early phases. Our study shows that dune building grasses have adopted different clonal 
expansion strategies to optimize their engineering strength during the early phase of beach 
colonization. These findings expand the application of heavy-tailed random walk models 
in biology and call for adaptive restoration schemes that take the spatial organization of 
landscape-forming plants into account.
Results
Species-specific clonal strategies affect shoot organization 
We first investigated what type of clonal expansion strategy was employed by A. arenaria 
along the Dutch North Sea coast and by A. breviligulata along the eastern US coast, 
respectively. To study their clonal expansion process in the early phase of establishment, 
we selected isolated plants growing at the foot of the dunes. First indirect support for 
our hypothesis was provided by analysing the spatial shoot organization of expanding 
A. arenaria and A. breviligulata plants. Spatial cluster analyses revealed that both species 
strongly deviated from a homogeneous distribution, with A. arenaria exhibiting a shoot 
organization with a fractal dimension of 0.8 over a range of values that our sampling 
method allowed (4-16 cm) (Supplementary Figure 2.2). Since point patterns generated by 
Lévy movement generally lack a specific scale (i.e generally referred to as Lévy dust) (Ferreira 
et al., 2012, Wosniack et al., 2017), this provided a first indication that beach grasses seem 
to diverge from ‘simple’ Brownian movement processes and follow more complex Lévy-like 
expansion strategies (Reynolds and Rhodes, 2009).
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We further investigated whether the spatial shoot patterns can be used as a signature for 
their clonal expansion strategy by reconstructing the rhizomal network of both species. To 
estimate step sizes between individual shoots within the clonal network, we applied a simple 
connecting algorithm (Nearest Neighbour search), validated by excavation of the rhizomal 
networks, to images with mapped coordinates of all shoots (see Methods). Results revealed 
that the expansion strategies – as defined by the step size distribution – of both species 
clearly deviate from a simple Brownian strategy and are better described by heavy-tailed 
step size models such as a Lévy or a Composite Brownian walk (Figure 2.2) (see Methods 
for detailed description of fitting procedure). Specifically, the step size distribution of A. 
arenaria was best described by a truncated Lévy distribution with a power-law exponent 
(μ) of 1.98, while A. breviligulata was best approximated by a Composite Brownian 
distribution that closely matched a truncated Lévy distribution with μ = 1.5 (Figure 2.2; see 
Supplementary Figure 2.5 for a visual representation of all fitted distributions per species) 
(Reynolds, 2014). The findings on the combined step data were consistent with analyses of 
individual plants, where Lévy or truncated Lévy distributions best described 83% of the A. 
arenaria individuals, while Composite Brownian was the best-supported model for most of 
the A. breviligulata plants (75%) (Supplementary Table S2.1). Notably, the Lévy or power-
law exponent obtained for A. arenaria (μ=1.98) is close to the theoretical optimum of a Lévy 
Figure 2.2 | The inverse cumulative frequency distribution of the clonal expansion strategy of 
both plant species. Pooled step size data obtained for both Ammophila arenaria (1471 steps from 17 
individual plants) and Ammophila breviligulata (752 steps from 18 individual plants). The dashed line 
represents the best-fitted exponential distribution (Brownian) for A. arenaria (blue) and A. breviligulata 
(red), respectively. The best fit for the total data set, based on weighted AIC value (see Supplementary 
Table 2.1), was a truncated Lévy (blue line) for A. arenaria and a two-mode Composite Brownian (red 
line) for A. breviligulata.
???????????
????????????????
??
?
??
?
??
?
??
??
??
??
??
?
?
?
?
?
?
?
???????????
????????????????
??????????????
??????????????
??????????????????
????????
????????
A Dance of Ammophila  |  29
2
Figure 2.3 | Effect of clonal expansion strategy on the sand trapping capacity. a-c, Model results 
showing the effect of the step size distribution (dispersed, μ ~1.5; Lévy, μ ~2; Brownian, μ ~3) on wind 
speed profiles for a clonal network consisting of 4000 shoots (N = 8). The black indicator on the scale 
bar at 0.61 indicates the threshold fraction of the wind speed below which sand is deposited. d, Sand 
deposition is highest for the more dispersed strategy and decreases with increased clustering of shoots 
(green line, left axis). Sand trapping efficiency, calculated as sand deposition divided by the average 
rhizome length between shoots, was highest at the Lévy optimum of μ ~2 (dashed purple line, right 
axis). Error bars represent ± SE.
walk at μ=2 (Viswanathan et al., 1999), which generates a fractal ‘patchy’ shoot pattern 
(i.e. Lévy dust), whereas A. breviligulata (μ=1.5) forms a more dispersed shoot organization 
(i.e. a larger proportion of longer steps).
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Clonal expansion strategy determines sand-trapping
To further test our hypothesis that a Lévy-like step size distribution optimizes sand 
trapping potential in the colonization phase, we developed a spatially explicit 2D model 
that simulates the cumulative effect of individual shoots on wind speed (see Methods). In 
this minimal model, we described clonal shoot expansion as a random walk process, and 
manipulated spatial shoot organization by varying the power-law exponent μ of a truncated 
Lévy distribution from which the step sizes were drawn. Specifically, we gradually shifted 
μ from 1.1 (~Ballistic), via 2.0 (Lévy-optimum), to 3.0 (~Brownian). For each step, we then 
simulated wind flow over the grid and determined the potential area of sand deposition by 
presuming that deposition occurs when wind speed is reduced below a critical threshold (see 
Methods). Simulations revealed that the clonal expansion strategy is a strong determinant 
of the sand trapping capacity of dune grasses, with a dispersed strategy (μ~1.5) yielding 
the highest cumulative area of sand deposition (Figure 2.3d). The outcome changes when 
accounting for the relatively high energy investment of this laterally spreading strategy, 
which requires covering long distances relative to more clumping strategies (μ>2) (Figure 
2.3d). Collected field data suggest that resource efficiency is critical for plants growing in 
these sandy systems, as the data revealed very low nutrient levels in the soils and leaf tissue 
of both species (Supplementary Table 2.2). When we express sand trapping efficiency as 
the area with potential sand deposition per unit effort, i.e. the average rhizome length 
the plant grows between shoots, we find the patchy Lévy strategy associated with μ~2 
becomes most efficient. 
Additional analyses demonstrate that this effect becomes increasingly apparent as the 
number of shoots in the clonal network increases, although the number of shoots required 
depends on wind conditions (Supplementary Figure 2.7, Supplementary Table 2.3). These 
results demonstrate the saturating effects a clumping strategy (μ > 2) may have on potential 
sand capture. It therefore highlights why an intermittently clumped Lévy-like strategy (μ~2) 
in early colonization phases (<100 shoots) leads to high potential sand deposition, but on 
the long run is outcompeted by a more dispersed strategy (μ~1.5) (Supplementary Table 3). 
Similarly, a highly clumped strategy (μ~3) is more efficient when shoot numbers are low, 
but as the plant grows, the added attenuating effect of shoots on wind flow decreases due 
to overlap. Hence, the heavy-tailed Lévy-like strategy of μ~2, as observed for A. arenaria, 
becomes more efficient over time by generating multiple shoot patches that maximize 
engineering effects, while simultaneously colonizing a large area with minimum investment 
in covering distances. 
Experimental validation of biophysical feedback
Finally, to test our model findings under natural wind conditions in the field, we conducted 
an experiment in which we manipulated the spatial organization of dune grasses using 
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artificial shoot mimics. Specifically, we constructed plots of 4 m2 in which we planted the 
same number of mimics (~2000 shoots) in three spatially distinctive patterns: dispersed 
(representing a more ballistic strategy), patchy (representing a Lévy-like strategy) and single-
patch (representing a more Brownian strategy) (Figure 2.4c-e). Our experimental results 
were consistent with the model findings. Sand capture, represented by the total volume of 
sand, was the highest in the dispersed pattern (Figure 2.4a). For sand trapping efficiency, 
however, we found the patchy (Lévy-like) pattern to outperform the other treatments by at 
least two times (Figure 2.4b). 
Figure 2.4 | Experimental results demonstrating effect of spatial organization of shoot mimics 
on sand capture (N=3). a, The total trapped sand volume was highest for the dispersed and lowest 
for the single-patch configuration. b, Sand trapping efficiency (expressed as trapped sand volume 
divided by the distance between consecutive shoots) was more than two-fold higher in the patchy 
configuration. c-e, depict the spatial mimic organization in the dispersed (Ballistic-like), patchy (Lévy-
like), and single-patch (Brownian-like) configurations, respectively. Error bars represent + SE. Letters 
depict Posthoc grouping (p<0.05).
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Discussion
Our work provides compelling evidence that landscape-building plants such as beach 
grasses apply heavy-tailed clonal expansion strategies in the early colonization phase. In 
contrast to a simple Brownian strategy that yields a single dense patch of shoots, these 
strategies generate more patchy shoot organizations that balance the need for local 
modification and area colonization. Specifically, we found that the Lévy-like strategy of 
A. arenaria maximizes sand trapping efficiency by accreting sediment within multiple 
dense shoot patches, while the more dispersed strategy of A. breviligulata maximizes total 
sand capture over a wider area. Previous studies found that, although A. breviligulata is 
generally regarded the stronger competitor, A. arenaria can prevail under low sand supply 
(Zarnetske et al., 2013, Zarnetske et al., 2012). The Lévy-type expansion of A. arenaria may 
explain its efficiency in sand-limited environments, as this strategy may prevent sediment 
depletion by accreting sand within dense patches rather than distributing it over a wider 
area. In contrast, the more dispersed A. breviligulata-strategy accretes sand over a wider 
area, preventing local detrimental effects of excessive sand burial. Overall, our work builds 
on previous studies suggesting that differential growth strategies can help explain the 
emergence of contrasting dune morphologies (Zarnetske et al., 2012, Hacker et al., 2012, 
Goldstein et al., 2017), by demonstrating that beach grasses adopt distinct colonization 
strategies that determine their engineering strength in these early developmental stages. 
Once these plants have successfully established, coastal dune formation is then further 
steered by biophysical feedbacks between sediment supply, growth response of vegetation 
to sediment accumulation and the rate of disturbances that negatively impact vegetation 
survival (Duran and Moore, 2013, Zarnetske et al., 2015, Goldstein et al., 2017). 
Our findings reveal the existence of Lévy-like movement in plants. Although Lévy walk 
patterns have been found in a wide range of scientific fields, including physics, chemistry 
and economics, their biological application centred around explaining movement patterns 
of mobile lifeforms as a search optimization process for food or safety. Our results move 
beyond this paradigm in highlighting that (i) heavy-tailed individual-scale movement 
strategies underlie the formation of interconnected belowground rhizomal networks in 
beach grasses, and that (ii) the resulting spatial organization of aboveground shoots affects 
their biophysical feedback strength, thereby exerting early developmental stage control 
on their landscape-modifying abilities. In doing so, this study suggests a much broader 
application of heavy-tailed random walks in biology. First of all, as many biogeomorphic 
landscapes are formed by plants (Maxwell et al., 2017, Schwarz et al., 2018, Silliman et al., 
2015, Vinent and Moore, 2015), we suggest that heavy-tailed expansion strategies are likely 
not limited to beach grasses, but may also occur in for example seagrasses meadows, salt 
marshes and freshwater wetlands. Secondly, as networks and connectivity are fundamental 
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to many biological processes (Mason and Verwoerd, 2007), including vascular networks 
(Gazit et al., 1995), neural brain networks (Eichmann et al., 2005), fungal networks (Heaton 
et al., 2012), and the structure of insect nest networks (Theraulaz et al., 2003), the potential 
of heavy-tailed random walks to explain biological network formation may well exceed this 
work’s scope.
A mechanistic understanding of how clonally expanding plants control landscape formation 
may be translated into new tailor-made planting designs for the restoration of rapidly 
degrading biogeomorphic landscapes (Silliman et al., 2015, Barbier et al., 2008), or the 
construction of novel nature-based flood defences (Duarte et al., 2013, Temmerman et al., 
2013). Currently, costs of creating such feedback-controlled biogeomorphic ecosystems 
are 10-400 times higher compared to ecosystems without strong feedbacks, and with low 
chances of success (Bayraktarov et al., 2016, de Groot et al., 2013). Recent work emphasizes 
that current designs insufficiently consider intraspecific facilitation, and suggests to clump 
outplants into aggregations (Silliman et al., 2015). In demonstrating that clonal grasses 
balance a trade-off between engineering and expansion, our work highlights the potential 
to optimize biogeomorphic landscape construction by creating patches large enough to 
generate sufficient self-facilitation, while remaining as small as possible to maximize clonal 
outgrowth.
Methods
Characteristics of clonal plant movement
Clonal plants are able to spread laterally by producing rhizomes or stolons. Contrary to 
animals, clonal plants can occupy multiple places at once, with immobile shoots located 
on an expanding network of rhizomes (Zobel et al., 2010). By excavating the plants 
rhizome/stolon network we can describe its expansion strategy by measuring only a few 
parameters: the branching angle (reorientation angle between successive shoot locations), 
the branching degree (number of shoots connected to a single shoot) and the step size (the 
distance between two connected shoots).
Field survey
We conducted a field survey on both sides of the Atlantic coast to investigate the spatial 
organization and expansion strategy of the two dune grass species used in this study. 
European marram grass (Ammophila arenaria) was sampled on the West Frisian barrier island 
of Schiermonnikoog, the Netherlands (53°30’25.38”N, 6°18’52.52”E) from April to June 
2017. American beach grass (Ammophila breviligulata) was sampled on two barrier islands 
on the east coast of the United States: Hatteras island, North Carolina (35°13’58.67”N, 
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75°36’6.60”W) and Chincoteague island, Virginia (38° 0’25.81”N, 75°15’36.64”W) in 
August 2017. For both species we selected young isolated establishing plants near the 
foot of the primary dunes. By cutting off the aboveground biomass and replacing each 
shoot by a labelled coloured pin, we were able to extract the spatial coordinates of all 
shoots (in cm) using a custom-made Matlab tool (see Supplementary Figure 2.1 for a visual 
description of the methods and Reijers and Hoeks (2019) for a full protocol). In addition, 
we collected soil (at ~5 cm depth in middle of clonal individual) and leaf samples (pooled 
per clonal individual) to assess nutrient availability. For soil samples, % organic matter was 
estimated as weight loss by ignition at 550°C. Plant available phosphorus (Olsen-P) was 
estimated using a bicarbonate extract analysed using an inductively coupled plasma (ICP) 
spectrophotometer (iCAP 6000; Thermo Fisher Scientific). Soil nitrogen percentage was 
determined by an elemental analyser (Carlo Erba NA1500, Thermo Fisher Scientific). After 
drying at 60°C to constant weight, we grinded the leaf samples using a ball mill (MM400, 
Retch, Haan). Subsequently, C and N concentrations were determined by an elemental 
analyser (Carlo Erba NA1500, Thermo Fisher Scientific). Lastly, leaf P concentrations 
were determined through digestion of 4 cm of HNO3 (65%) and 1 ml of H2O2 (30%) in a 
microwave oven, after which the samples were diluted and analysed using an inductively 
coupled plasma emission (ICP) spectrophotometer (iCAP 6000; Thermo Fisher Scientific). 
Characteristics of spatial shoot organization
The spatial shoot coordinates were extracted from still images (N=8 for both species), 
and subsequently used for analyses of the spatial clustering and complexity of the shoot 
organization. Using Ripley’s K we tested whether the patterns differed significantly from 
a random homogeneous distribution. Using the normalized L-function: L ( r )=√K(r ) ⁄π , 
with r being the distance and K(r )  being Ripley’s K function, we identified whether the 
shoots were spatially clustered (for L( r )>r)  or dispersed (L( r )<r)  (Supplementary Figures 
2.2b, f). All Ripley’s K analyses were performed using the spatstat package for R (Baddeley 
and Turner, 2005). Furthermore, as many self-organizing phenomena in nature show self-
similarity, we calculated the fractal dimension, a complexity index, of the spatial patterns 
using box counting (Supplementary Figures 2.2c, g). Box counting is one of the simplest 
methods to measure the fractal dimension: Df=log N(s) ⁄log s, with N(s) being the number of 
boxes of a certain size s. Hence, the fractal dimension is given by the slope of N(s) on log-log 
scale. A pattern is fractal (self-similar) if N(s) has a slope that is approximately constant, with 
a corresponding fractal dimension (N(s) ~ s-α) (Supplementary Figures 2.2d, h).
Measuring step sizes in the clonal network
To identify the clonal expansion strategy of both species, we first excavated plants from 
our plots (N=9 with 244 steps for A. breviligulata and N=5 with 533 steps for A. arenaria) 
and noted the rhizomal connections between shoots. Using this information, we were 
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able to manually record the step sizes, branching angles and degree using ImageJ v2.0.0 
(Supplementary Figure 2.3). 
Next, we tested the use of two simple connection algorithms on the spatial coordinates of 
the shoots of individual clonal plants to see whether these methods would approximate 
the manually obtained step size distribution equally well thus allowing a more automated 
expansion of our dataset. The first connecting algorithm tested was based on the Travelling 
Salesman principle (TS). The Travelling Salesman in a classical NP (non-deterministic 
polynomial time) hard problem from computer science that deals with computing the 
shortest possible route given N number of cities in which every city has to be visited once 
(Durbin and Willshaw, 1987). In our case we used a numerical approach that connected all 
shoots N in the clonal network in an open circuit until the total route length did not shorten 
anymore for N times. The second algorithm searches for the Nearest Neighbour (here NN) 
consecutively until all shoots N are connected. The algorithm was iterated N times, starting 
at every individual shoot, and the route with the shortest total length was selected. For 
both cases, the selected route was then used to describe the step size distribution of the 
plants. The methods were validated using a two-sample Kolmogorov-Smirnov test (KS-
test) that allows for comparing the estimated distribution against the distribution obtained 
from excavation. For both species, based on the KS-test, the step size distributions we 
obtained using both connecting algorithms were statistically indistinguishable from the 
ones measured in the field (A. arenaria (533 step sizes): TS (p=0.1102) and NN (p=0.059); 
A. breviligulata (244 step size): TS (p=0.1328) and NN (p=0.0517)) (Supplementary Figure 
2.4). For the characterization of the step size distribution of both the pooled dataset and 
the individual plants we chose the nearest neighbour (NN) method, which is simplest and 
holds fewest assumptions. 
Characterizing step size distribution
We evaluated the adequacy of five commonly used candidate models to describe the 
observed step size distribution of both the pooled data and the individual plants. The five 
models correspond to the random movement strategies most used in literature. Brownian 
walk was used as a null-model, while Lévy, truncated Lévy, log-normal and Composite 
Brownian walks were compared as alternative heavy-tailed models. Maximum likelihood 
estimates were used for the parameters values of the models (Edwards et al., 2012). Instead 
of the commonly used approach for estimating the minimum step size for power laws as 
described in Clauset and co-authors (2009), we adopted a fixed minimum step size, as we 
aimed to identify the distribution function that best fits the majority of our data, rather than 
identifying power-law behaviour in the tail. To account for the methodological measurement 
error, calculated from translating pixels to cm (~0.34 cm), we set the minimum step size at 
twice the error (0.68 cm), as it was not possible to accurately distinguish separate shoots 
below this minimum value.
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Brownian walks
The Brownian walk has long been the default random walk model in physics and biology and 
corresponds to normal diffusion. The step sizes are drawn from an exponential distribution:
 
    f(s)= λeλ(smin–s)  (1)
with s being the step size and smin the minimum step size of the distribution. Parameter λ 
was derived from the data using the maximum likelihood estimator:
  
        λ
 = n
Σn   (si –smin) i=1   (2)
where n is the number of shoots.
Lévy walks
The Lévy walk is a model for describing movement that corresponds to anomalous diffusion. 
Its scale-free properties are modelled with a Pareto distribution, which follows a power law:
           f(s)= ((µ–1)sminµ–1)s–µ    (3) 
with s being the step size and smin the minimum step size of the distribution. The Lévy or 
scaling exponent μ determines the shape of the distribution. When 1< μ< 3, the movement is 
referred to as a Lévy walk. However, when μ approaches 1, the movement becomes ballistic 
as the probabilities of making very large steps or smaller steps become equal (Bartumeus 
et al., 2005, de Jager et al., 2011). As μ approaches 3, it approximates a Brownian walk 
(and becomes truly Gaussian at μ>3). Parameter μ was derived from the data using the 
maximum likelihood estimator (Edwards et al., 2012, Edwards, 2008): 
                  µ=1+
 n
Σn   (ln(si )–ln(smin)) i=1    (4)
In biology, scale-free properties are confined to a certain spatial range by physical constraints 
and are therefore better described by a truncated Lévy. A truncated Pareto distribution has a 
maximum step size and therefore expresses exponential decay in the tail of the distribution. 
The probability density function for a truncated Pareto distribution is given by:
   (5)
With smax being the maximum step size. For parameters smin and smax the minimum 
and maximum measured step size were used The maximum likelihood estimate for μ can 
be determined using the log-likelihood given in Equation (6) to find the μ that satisfies 
dl/dμ  = 0.
f(s)= 
smin1–µ–smax1–µ  
µ–1 s–µ
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         (6)
Other heavy tailed distributions
There are other candidate models that are ‘heavy-tailed’ and roughly follow a straight 
line on a log-log scale and their cumulative distribution functions are therefore difficult 
to distinguish from pure power-laws. Most commonly used are hybrid exponential and 
lognormal distributions (Clauset et al., 2009, Jansen et al., 2012, Meloni et al., 2017). The 
probability density function g(s) of a two-component Brownian model is given by:
        (7)
where f1 (s) and f2 (s) are two exponential distribution functions as described in Equation 1 
and w1 the relative weight between the two functions. 
Finally, we considered the lognormal probability density function: 
  
        (8)
with maximum likelihood estimates of μ and σ being the mean and standard deviation of 
the log-transformed data, respectively. 
Model selection and interpretation
Model selection was based on the weighted Akaike Information Criteria (wAIC), which 
allows for comparing the relative differences between models (Wagenmakers and Farrell, 
2004). 
        (9)
where n indicates the number of models tested and the  values are calculated using their 
associated log-likelihood and the number of parameters estimated (Edwards et al., 2012). 
Following the methods proposed by Clauset and co-authors (2009), we tested the goodness 
of fit of the candidate models (Lévy, truncated Lévy and composite Brownian) using one-
sample Kolmogorov-Smirnov tests (Supplementary Figure 2.4). 
We used these methods to select the best models for the total dataset of 752 step sizes 
for A. breviligulata (consisting of step size data from 18 individual clonal plants) and 1471 
step sizes for A. arenaria (consisting of step size data from 17 individual clonal plants). 
In addition, we described the individual movement pattern for 12 A. arenaria and 4 A. 
breviligulata individuals for which sufficient data (n>30) were available (see Supplementary 
Table 2.1 and Supplementary Figure 2.6). We consistently found (truncated) Lévy or 
g(s)=w1f1(s)+(1–w1)f2(s)
l=nln( ln si smin1–µ–smax1–µ  
µ–1 )–µΣn    i=1
f(s)=           exp    
2σ  2π             2σ2    
–(lns–µ)21
Σn exp(–0.5(AICk – AICmin)) k
wAICi=
exp(–0.5(AICi – AICmin))
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Composite Brownian to best describe our data, regardless of the number of shoots in the 
network with a Tμ= 1.96 ± 0.06 (mean ± s.e.m.) for A. arenaria and a Tμ = 1.54 ± 0.05 for 
A. breviligulata. We therefore assume that the clonal expansion strategy of beach grasses is 
stationary during early dune development.
Random walk model
We coupled a random walk simulation model to a biophysical model to investigate how 
the expansion strategy of establishing plants affects sand capture. To obtain empirically 
accurate results, we first tested the complexity of the random walk model required to 
adequately capture the clonal expansion behaviour of both dune grasses. To this end, 
we compared the spatial pattern characteristics (using the fractal dimension (Df) of the 
generated pattern) of a default, random walk model with more complex models and our 
empirical data (see Supplementary Figure 2.2). Specifically, we tested to what extent the 
simplest, one-directional (i.e. non-branching) model could be improved by including a 
algorithms that allow for (1) branching and/or (2) a correlated turning angle derived from 
our field data (Supplementary Figure 2.3). Hence, we simulated the following four different 
model combinations: (1) branching + random angle, (2) branching + correlated angle, (3) 
no-branching + random angle, and (4) no-branching + correlated angle, and compared the 
results over the range of scales used in our empirical data (2~16 cm) with a linear mixed 
effect model using angle and branching as fixed factors and model run as random effect. 
We found no significant effects of either branching (F1,103 =0.03; p=0.870, N=7) or turning 
angle (F1,103 =0.14; p=0.709, N=7) on the fractal dimension of the pattern (over the range 
of 2~16 cm). Furthermore, we found no significant differences in fractal dimension of our 
model-generated patterns compared to our field data (model: Df~0.73 and field: Df~0.77; 
t80= 1.38; p=0.171, N=7 for both field and model). We therefore used the simple, default 
random walk in our further analyses.
Spatially explicit biophysical model
We explored the effect of differences in clonal expansion strategies (as expressed by their 
step size distribution) on the potential of an individual clonal plant to capture sand with the 
use of a spatially explicit model in an infinite domain. As our aim was to merely examine 
the effect of shoot organization on wind flow as a proxy for sand capture potential, we 
constructed a simple model that disregarded many aspects of the complex phenomenon of 
natural dune formation. In this minimal model, we assume a constant unidirectional flow, 
no initial beach topography, differences in grain size distribution nor sand moisture, which 
are all known to affect transport threshold and shear stress at the sand surface (Duran et 
al., 2008). Furthermore, we simulated the spatial organization of shoots as the result of a 
discrete simple random walk (see previous paragraph for the validation of the random walk 
model), taking random step sizes from a truncated Pareto distribution with a Lévy exponent 
ranging from: 1 < μ ≤ 3.
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            S(X)=(X(smin1-μ-smax1-μ) + smax1-μ)1/(1-μ) (10)
where X is a random uniformly distributed variable (0≤ X ≤1), smin the minimum step size 
(set at the minimum step size of our field data: 0.34 cm) and smax the maximum step size 
(set at the maximum step size: 75.33 cm from our field data).
After a simulation was finished, we modelled the effect of the shoot organization on sand 
deposition by applying a convolution matrix with the effect of a single shoot to all shoots 
on the spatial grid. The convolution matrix was constructed by simulating the wind as 
a unidirectional laminar flow with the viscosity of air around a single shoot (∅1.5mm) 
(with the use of the 2D computational fluid dynamics (CFD) software of ANSYS R17.2 
(ANSYS® CFD™ (Ansys, 2016)). As the effect of plant morphology on sand capture is greatly 
mitigated by shoot density (Zarnetske et al., 2012), we assumed a simple plant geometry 
in our model and shoot basal area alone was used to characterize the interaction between 
vegetation and wind flow (Duran et al., 2008). The incoming wind speed was set to 6.5 m 
s-1, which corresponds to the average wind speed along the coast of the Dutch Wadden Sea 
Islands (Stepek and Wynant, 2011). The resulting changes in wind speed were translated 
to the potential area of sand deposition by calculating the sedimentation threshold as a 
proportion (~0.61%) of the incoming wind speed based on the results from Davidson-
Arnott and Bauer (2009).
Using the discrete random walk approach, we simulated differences in shoot organization 
for a given number of shoots. Next, we calculated the sand trapping efficiency by dividing 
the total area of sand deposition by the average inter-shoot distance. Simulations were run 
for a range of Lévy exponents (1<μ ≤ 3) and a varying number of shoots (Supplementary 
Figure 2.7). Both sand deposition and trapping efficiency were plotted as a function of μ. 
To test the robustness of our results, we calculated the Lévy optimum (ranging from μ=1.5 
to 3.0 with increasing steps of 0.5) for a range of critical thresholds for sand deposition 
(0.25 to 0.85%) and an increasing number of shoots (minimum 30, max 5000 shoots). The 
strategy yielding the highest potential area of sand deposition or sand trapping efficiency 
was determined by comparing the mean ± s.e.m.for the different strategies (Supplementary 
Table 2.3). To validate the use of a simplified laminar flow in our biophysical model, we 
compared the outcome of our field experiment (see next section) with simulated shoot 
patterns that reflect the shoot organizations we used in our experiment. We found the 
results to be consistent, that is, potential sand deposition was highest in the more dispersed 
shoot organization whereas sand trapping efficiency was highest in the patchy organization 
(Supplementary Figure 2.8). The model was implemented in MATLAB version R2015b 
(©1984-2016, The Mathworks, Inc.). 
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Field experiment 
We conducted a field experiment on a bare beach plain of Schiermonnikoog, the 
Netherlands (53°30’36.73”N, 6°19’37.84”E) in the summer of 2016, to test the effect of 
the spatial shoot organization on the sand trapping ability. We constructed plots of 4 m2 in 
which we placed flexible artificial dune grass mimics (three plastic bristles, diameter 0.2 cm, 
length 75 cm, made up one shoot (Zarnetske et al., 2012) in three spatially distinct patterns 
(dispersed, patchy and single-patch). In total ~2000 bristles were inserted in 4 m2 PVC 
templates (which resulted in 500 shoots m-1, a natural shoot density (Hacker et al., 2012) 
previously used in biophysical studies (Zarnetske et al., 2012)) with the spatial patterns 
drilled into them and attached to wooden beams in 20 cm deep pits on the beach, after 
which we refilled the plots using drift-sand resulting in a canopy-height of the mimics of 55 
cm. Each treatment was replicated 3 times in a randomized block design that also included 
a control plot (only PVC sheet, no bristles) per block, yielding 12 plots in total. 
Sand deposition was measured every month (June, July and August) on a 0.1 x 0.1 m scale 
with the use of a sediment erosion bar construction. We determined the total volume of 
sand capture by calculating the amount of sand on each plot, corrected by the overall 
block-level change in bed level obtained from the control plots. The sand trapping efficiency 
was calculated by dividing the volume of sand by the average inter-shoot distance. 
We used a linear mixed-effects model with a Satterthwaite approximation of the degrees 
of freedom to test the effect of the spatial organization on both sand deposition and sand 
trapping efficiency, using time of measurement and block as random effects. Tukey HSD 
posthoc tests were used to separate treatment effects.
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Supplementary Figures 
Supplementary Figure 2.1 | Picture overview showing the field method for deriving the step 
sizes between consecutive shoots in a clonal network. a, We selected young establishing plants 
on a 1.4 x 1.4 m grid growing on the front of the dune. b, All aboveground biomass was cut off and 
we placed a labelled, coloured pin at the shoot base. c, Using a calibrate image of the 1.4 x1.4 m 
grid, we were able to derive the spatial coordinates of all the shoots. d, The plants were excavated 
and their connections were written down to reconstruct their rhizomal network using Image J. 
Selection of young pioneer plants on 
 1.4 x 1.4 m grid
Cut of shoots, replace with 
labeled pins
Calibrated image to 
derive coordinates
Reconstruct rhizomal network
 connections after excavation
a b
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Supplementary Figure 2.2 | Analyses on the spatial organization of the shoots (N=8) of 
both A. arenaria and A. breviligulata. a,e, Depict the spatial organization of A. arenaria and A. 
breviligulata shoots, respectively. Point pattern analyses using the linearized Ripley’s K: L(r), indicate 
strong clustering on the scale of 0-40 cm (L(r)>r) (thin lines represent separate plots and the thick line 
is the average per species) (b,e). Using boxcounting analyses we were able to determine whether the 
shoot organization of either species exhibited fractal properties (c,g). The fractal dimension (Df) of the 
shoot organization was Df~0.8 (flat line at ~2-16 cm) for A. arenaria (d) and A. breviligulata showed 
no signs of fractal properties (h).  
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Supplementary Figure 2.3 | Frequency distribution of other field parameters. a,c Show the 
branching (turning) angles and (b,d) the branching degree. Figure depicts the distribution of A. 
arenaria (top) and A. breviligulata (bottom), respectively.
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Supplementary Figure 2.4 | Inverse cumulative frequency distributions of the measured step 
sizes in the field and the estimated step sizes using the two connecting algorithms (nearest 
neighbour search (NN) and travelling salesman (TS)). a, Depicts the distribution of A. arenaria 
and b, the distribution of A. breviligulata. For both species and both connecting algorithms the null 
hypothesis based on a two-sample Kolmogorov-Smirnov test not rejected at the 5% significance 
level. For A. arenaria: NN vs. know step sizes (p=0.06), TS vs. known step sizes (p=0.11) and for A. 
breviligulata: NN vs. known step sizes (p=0.05), TS vs. known step sizes (p=0.13). 
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Supplementary Figure 2.5 | Inverse cumulative frequency distribution (e.g. the fraction of 
step sizes ≥ than a given step size s) and all fitted distribution functions for the total data 
set of both species. a, Depicts the pooled data set and the fitted distributions for A. arenaria (N= 
1053) and b, depicts the pooled data and fitted distributions for A. breviligulata (N= 492). TLévy 
stands for truncated Pareto distribution, Lévy for an unbounded Pareto distribution, Brownian for an 
exponential distribution, LogN for a lognormal distribution and CBrownian for a two-mode exponential 
distribution. See methods for a description of fitting procedure.
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Supplementary Figure 2.6 | Inverse cumulative frequency distribution (e.g. the fraction of 
step sizes ≥ than a given step size s) for all the individual plants (N=8 for A. arenaria and N=4 
for A. breviligulata). a, The thick blue markers indicate the distribution for the combined data of A. 
arenaria and for b, the tick red markers indicate the combined data for A. breviligulata. 
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Supplementary Figure 2.7 | Model results (N=8) showing the relation between the clonal 
expansion strategy (μ exponent) and the biophysical feedback strength. a-e, Depict the total 
area of sand deposition and b-f, the sand trapping efficiency for three different shoot numbers (120, 
1200 and 3600 shoots). 
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Supplementary Figure 2.8 | Comparison between experimental results (left side) and model 
simulations (right side). a & b, Depict the total volume of sand and the sand trapping efficiency, 
respectively, as indicated in Figure 4 (N=3, with 3 times repeated measures). c & d, Depict the potential 
area of sand deposition and sand trapping efficiency, respectively, for the configurations we used in our 
experiment simulated in our biophysical model (N=5). Error bars represent ± SE.
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Supplementary Table 2.2 | Biogeochemical analyses of soil and leaf samples. Soil (N=8) and 
leaf samples (N=5) were collected during the field survey. Soil samples were taken at ~ 5 cm depth in 
the middle of the clonal individual. Data are expressed as mean ± SE. From the table it is visible that 
especially N availability is very low (~0 %N) in these sandy beach systems, resulting in low foliar N:P 
ratio’s (10.2 vs. 6.5 for A. arenaria and A. breviligulata, respectively), with N:P ratios <10 indicative of 
N deficiency (Güsewell, 2004, Kooijman et al., 1998). 
Soil type % Organic Matter (g g-1) Olsen-P (μmol L-1) %N (g g-1)
A. arenaria 0.05 ± 0.00 0.37 ± 0.06 0.00 ± 0.00
A. breviligulata 0.02 ± 0.00 0.29 ± 0.09 0.00 ± 0.00
Plants %C (g g-1) %P (g g-1) %N (g g-1)
A. arenaria 50.58 ± 0.80 0.13 ± 0.01 1.33 ± 0.08
A. breviligulata 44.32 ± 2.06 0.13 ± 0.02 0.84 ± 0.12
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Supplementary Table 2.3 | Lévy optimum calculated under a range of wind conditions and 
shoot numbers (N=15). The optimal clonal expansion strategy (under a range of μ values from 1.5 
to 3.0 with increasing steps of 0.5) was determined for both potential area of sand deposition (a) and 
sand trapping efficiency (b) by comparing the mean ± SEM of the different strategies. The values in 
the red square (critical threshold of 55% of incoming wind) reflect average wind conditions along the 
Dutch coast (Stepek and Wynant, 2011). The values to the right side indicate calmer conditions (with 
a lower critical threshold for sand deposition), and values to the left indicate windier conditions (with 
a higher critical threshold). We found total sand deposition to converge at μ ~1.5, but the number 
of shoots needed to reach this optimum may differ depending on the wind conditions. Similarly, sand 
trapping efficiency converges at μ~2 but the number of shoots required to his optimum is dependent 
on wind conditions.
	 2	
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Abstract  
Coastal ecosystems are often formed through two-way interrelations between ecosystem-
forming organisms and their physical environment. Recently it was shown that these plants 
employ specialized clonal expansion strategies that affect their engineering strength through 
their spatial shoot organization. However, to what extent plant-mediated alterations of the 
physical environment feed back to the spatial organization of the involved species remains 
unknown.
Here, we investigated a potential feedback mechanism between shoot organization and 
sediment capture for the builder of the world’s largest dunes: Ammophila arenaria.
Using a mesocosm experiment we show that shoot organization is dependent on sediment 
deposition, with plants demonstrating tight clustering in sand-poor environments and 
a more spread-out patchy organization under sand deposition. By simulating airflow 
over the resulting shoot organizations, we reveal that tight clustering initially enhances 
sand capture, but that a more patchy shoot organization, consisting of multiple smaller 
clusters, eventually promotes an overall higher sand trapping capacity. Overall our results 
demonstrate that the shoot organization of Ammophila and its related engineering 
strength is adaptive and dependent on environmental conditions. This mechanistic insight 
on plant organization-environment interactions can be used to develop restoration designs 
that mimic the natural spatial shoot organization of the target species depending on the 
harshness of the environment.  
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Introduction
Coastal ecosystems are some of the most valuable and threatened ecosystems worldwide 
(Costanza et al., 1997, Barbier et al., 2008, Barbier et al., 2011). They provide numerous 
critical services, such as carbon storage (Fourqurean et al., 2012, Pendleton et al., 2012), 
provision of nursery and staging habitats for fish and birds (Beck et al., 2001, Jackson et 
al., 2001, Galbraith et al., 2002) and play a major part in protecting the world’s shorelines 
against coastal flooding (Duarte et al., 2013, Temmerman et al., 2013, Barbier, 2015). 
However, as a result of human activities and climate change, these valuable ecosystems 
are in a continuing state of change, resulting in accelerating loss of coastal habitat and a 
combined global estimate of $10.9 trillion/yr. loss of ecosystem services (Costanza et al., 
2014, Cloern et al., 2016). While further degradation of coastal ecosystems should be 
counteracted by removing the threats, restoration of coastal habitat will be required when 
natural recovery does not occur (Aronson et al., 2006, Bayraktarov et al., 2016). However, 
currently the costs of restoring coastal ecosystems are very high (i.e. on average $1.6 
million/ha.), while the success rates vary considerably with complete failure as a common 
outcome (Bayraktarov et al., 2016). 
One of the key processes complicating coastal ecosystem restoration is that two-way 
interrelations between ecosystem-forming organisms and their physical environment 
control the formation and dynamics of these coastal landscapes. In natural conditions, 
many ecosystem-forming organisms self-organize in distinct spatial organizations that 
emerge through local self-promoting interactions, by modifying the environment, that 
inhibit the establishment of conspecifics at a larger scale (Van de Koppel et al., 2008, Van 
Der Heide et al., 2010). For instance, in intertidal marshes, feedbacks between plant growth 
and erosion-sedimentation lead to the formation of a complex intertidal marsh landscape 
with efficient tidal channel networks (Temmerman et al., 2007, Kearney and Fagherazzi, 
2016). Because successful establishment of the involved species relies on recovering these 
feedbacks, recent empirical studies have shown that by harnessing positive interactions and 
mimicking the natural spatial organization of ecosystem-forming species, restoration yields 
can be significantly amplified (Silliman et al., 2015, de Paoli et al., 2017). In addition, our 
recent work demonstrates that ecosystem-forming plants employ different clonal expansion 
strategies that control their spatial organization and therefore their feedback strength in 
the initial phase of ecosystem colonization (Chapter 2). However, to what extent physical 
alterations of the environment feed back to the spatial organization of ecosystem-modifying 
plants remains to be elucidated.
In this study, we investigated the potential feedback mechanism between spatial shoot 
organization and sediment entrapment leading to the formation of coastal dunes. 
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Coastal dunes protect one-third of the world’s coastlines and develop on sandy shores 
where sufficient water-driven transport of sediment facilitates the aeolian uptake of sand 
particles (Martínez et al., 2008). This wind-transported sand can be trapped and stabilized 
by vegetation, thereby creating small dunes that can further modify airflow and stimulate 
sediment entrapment (Hesp, 1981, Everard et al., 2010, Keijsers et al., 2015, Baddock et 
al., 2018). As the harsh environmental conditions (e.g. episodic over-wash, drag force, 
salinity, strong winds, resource limitation) prevailing on sandy beaches can strongly hamper 
vegetation growth, sediment accretion can offer an effective mechanism to escape these 
physical stressors (Hesp, 1991, Maun, 1994, Stallins and Parker, 2003). On the other hand, 
however, the constant delivery of mobile sand can also be a stressor in itself as it causes the 
vegetation to be frequently buried, depriving the leaves from sunlight and hampering their 
photosynthetic activity (Yuan et al., 1993, Maun, 1998, Kent et al., 2005). To overcome 
burial stress, dune-building species typically rely on rhizomal reserves to rapidly outgrow 
the accumulated sand by either elongating their leaves or by producing vertically expanding 
rhizomes (Harris and Davy, 1988, Zarnetske et al., 2012, Brown and Zinnert, 2018). However, 
the maximum burial tolerance beyond which growth and survival are negatively impacted 
can differ greatly depending on the species (Maun and Perumal, 1999).
The species building the highest dunes worldwide, European marram grass, Ammophila 
arenaria (L.) Link (hereafter Ammophila), can keep vertical growth at pace with sand 
deposition rates as high as 100 cm year-1 (Huiskes, 1979, Baye, 1990, Zarnetske et al., 2012). 
Its tall dune building ability is likely the result of its clonal expansion strategy that optimizes 
sand trapping efficiency by generating multiple dense shoot clusters (Chapter 2) and its 
ability to produce vertically expanding rhizomes to outgrow and stabilize accumulated sand 
(Zarnetske et al., 2012). Recently, it was shown that Ammophila plants follow a heavy-tailed, 
Lévy-type clonal expansion strategy, generating a patchy shoot organization that promotes 
high sand capture while minimizing expansion costs (Chapter 2). Here, we hypothesize 
that establishing Ammophila plants employ a Lévy-like, patchy shoot organization that 
enhances their sand-trapping potential, but that sand deposition interacts with this shoot 
organization to mediate sand trapping such that excessive burial is prevented. 
To test our hypothesis, we subjected Ammophila clonal individuals to various sand 
deposition regimes and monitored their growth response by focussing on their expansion 
potential and biomass investment. To further unravel the potential feedback mechanism 
between spatial shoot organization and sediment capture, we (I) quantified the effect of 
sediment deposition on the spatial shoot organization of clonal individuals and (II) tested 
the effect of the resulting spatial shoot organization on sediment capture using a previously 
constructed biophysical model. 
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Materials and methods
Experimental set-up
To test the effect of sand deposition on the growth response of Ammophila arenaria, we set 
up a mesocosm experiment in which we subjected the plants to one of the three different 
sand deposition treatments (i.e. 0 (C), 50 (L) or 100 (H) cm year-1). These sand deposition 
rates reflect the natural sediment supply regime in the Netherlands (~50 cm year-1) and two 
extremes on either end (0 and 100 cm year-1), and were previously used in other experiments 
(Baye, 1990, Zarnetske et al., 2012). In spring 2016, we constructed 24 large tall boxes (2.5 
m x 2.5 m x 1m) at the Radboud University (Nijmegen, the Netherlands; 51°82’31.04”N, 
5°87’22.34”E). These boxes were filled with 20 cm base level of drift sand collected from 
a natural blowout at the Northwestern Dutch coast (Schoorlse Duinen: 52°41’46.94”N, 
4°38’11.22”E). To ensure water filtration and to prevent the plant roots from reaching 
the underlying soil, each box contained a layer of baked, inert clay pebbles (~4 cm) at the 
bottom covered by anti-root fabric. The plants (8.0 ± 0.2 shoots tussock-1, 56.9 ± 0.9 cm 
shoot length) were collected from a young successional beach at the western end of the 
west-Frisian barrier island of Terschelling (53°21’23.05”N, 5°10’28.82”E) and planted in a 
square at a 30-cm distance from each other in April 2016. After an acclimation period of 
a month we randomly assigned each box one of the three treatment levels (N=8) and we 
manually added 0 (C), 2 (L) or 4 (H) cm of sieved (5 mm mesh) sand on top of the plants 
every two weeks for one year. 
Growth characteristics 
The number of shoots were counted per experimental plot at several time points during the 
growing seasons (i.e. at day 0, 26, 36, 83, 285, 328, 358 and 379). To calculate the growth 
rate of the shoots (in cm day-1), we labeled eight randomly selected shoots and measured 
their length at the end of experimental period and 14 days after, when the experiment 
was harvested. During the harvest, we clipped of all aboveground biomass and excavated 
the individual rhizomal networks. The samples were weighted and the total biomass and 
rhizome: shoot ratio per treatment were calculated. Of each experimental box, we collected 
the rhizomal network of a randomly selected clonal individual (N=8) and measured the 
rhizome (spacer) length in (0.5 cm accuracy) between branches (total datasets: 1011 (C), 
874 (L) and 762 (H) rhizomal fragments).
Obtaining spatial shoot coordinates
The effect of sand deposition on the clonal expansion strategy and the resulting spatial 
organization of shoots was analyzed using calibrated still images. After clipping aboveground 
biomass, each shoot was replaced with a colored pin to mark its position from still images 
(see Chapter 2 and Reijers and Hoeks (2019)). The vast lateral outgrowth of some of the 
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individuals initially hampered the identification of the shoots on the individual plant-level 
based on their aboveground position. By excavating all plants of each experimental plot, 
we were able to identify the origin of each shoot for 19 of the experimental plots (28 
clonal individuals with 0 cm, 18 clonal individuals with 50 cm and 16 clonal individuals 
that received 100 cm). Using a handheld structured light 3D laser scanner (Artec Eva TM 
(Artec3D)), we created a 3D scan object, which could be translated to a digital elevation 
model. This model was then combined with the 2D image containing the x,y coordinates of 
the individual shoots to obtain the shoot coordinates in the x,y,z plane. 
Spatial organization; complexity and network characteristics
To analyze the complexity of the shoot organization (as indicated by the fractal dimension 
(Df)) of the clonal individuals under various sand deposition treatments we applied box-
counting analyzes on 2D images (Chapter 2). Over a range of 1 – 128 cm2, we counted the 
number of boxes that were occupied by one or more shoots. The resulting slope on a log-
log scale reflects the fractal dimension (Df), which – if it is approximately constant over a 
certain range – translates to the fractal dimension of the point pattern (Halley et al., 2004). 
Step sizes between the shoots were estimated on both the 2D and 3D images using a 
simple connecting algorithm (Nearest Neighbour search) that was previously applied and 
validated for Ammophila plants in natural conditions (see Chapter 2). We used the inverse 
cumulative distribution of the derived step size distribution of the pooled data set to illustrate 
differences between sand deposition treatment levels. For the step size distributions of the 
individual plants, we used maximum-likelihood methods to estimate the scaling exponent 
μ of a Pareto (Lévy) distribution and Kolmogorov-Smirnoff (KS) statistics to estimate smin 
(Clauset et al., 2009):
    (1)
with s being the step size and P(s) describes the probability density of step sizes. smin is 
the minimum step size from which the power-law starts (step sizes below this minimum 
step size are discarded from fitting distribution) and μ determines the shape of the step size 
distribution with 1< μ < 3 being a referred to as a Lévy distribution. The parameter smin 
was estimated by comparing differences in the relative fitting of cumulative distribution 
functions (using KS statistics) of subsets of data with increasing smin (range of estimated 
smin: 0.25 – 2.97 cm) (Clauset et al., 2009). The parameter μ was estimated from the data 
using the maximum likelihood estimator (Edwards et al., 2012):
       (2)
 
P(s) = ((µ–1)sminµ–1)s–µ 
µ=1+ n
Σn   (ln(si )– ln(smin)) i=1
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Sand accretion model
To explore the effect of sand-deposition on the sand trapping capacity of the species, we 
used a previously constructed biophysical model that simulates airflow around plant shoots 
(see Chapter 2). We inserted the spatial coordinates of the individual shoots per clonal 
individual in the model and simulated the wind as a unidirectional laminar flow with the 
viscosity of air and a velocity of 6 m s-1 (using a convolution matrix based method that 
was constructed with the use of the 2D computational fluid dynamics software, ANSYS 
(2016)). The resulting changes in wind speed were translated to area of sand deposition per 
shoot by calculating the area where the sedimentation threshold (~0.61 % for 6 m s-1) was 
crossed and dividing it by the number of shoots in the clonal network (Davidson-Arnott and 
Bauer, 2009). To approximate the sand trapping efficiency of the spatial shoot organization 
we divided the area of sand deposition by either the total 2D euclidian distance between 
shoots (i.e. as an indication of the differences between shoot placement organization) 
or the 3D euclidian distance between shoots (i.e. as a more accurate representation of 
the plant investment). To determine the relation between sand deposition and number of 
shoots we fitted linear and nonlinear (Monod) (1) regressions to our data. 
       (1)
with S(n) being the total potential area of sand deposition for a certain number of shoots 
(n) in the clonal network. Smax indicates the maximum sand deposition and k the half-rate 
constant, i.e. the number of shoots at which sand deposition is half of the maximum value. 
Akaike Information Criterion (AIC) was used to select the best model (Monod for all three 
sand deposition treatments).
 
Statistical analyses
All statistical analyses were performed using the software program R (version 3.4.0). The 
effect of sand deposition on number of shoots at the end of the experiment was tested 
using a general linear model with Poisson distribution (GLM). GLM results are reported as 
model estimate ± SE, z value, and P value. The growth rate was analyzed using a linear 
mixed model with sand deposition treatment as a fixed factor and experimental plot as a 
random factor. One-way ANOVA’s were used to assess the effect of sand deposition on the 
biomass of the plants and the aboveground to belowground ratio (AG:BG). 
To assess the effect of sand deposition on the spatial organization of the plants, we tested 
the calculated fractal dimension of the individual clonal plants over the region from 4-32 
cm using a linear mixed model with sand deposition as a fixed factor and experimental unit 
and plant identity as nested random effects. The estimated μ parameters for the step size 
distribution between shoots was analyzed using a linear mixed model with experimental 
plot as a random factor. Finally, the sand Tukey HSD posthoc tests were used to separate 
S(n) = Smax 
n
(k+n)
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sand deposition treatment effects. For every test, normality of the residuals was checked 
and if needed the data were transformed using a Box-Cox transformation. p-values lower 
than 0.05 were considered statistically significant. 
Results
Plant growth response
At the end of the experiment, the experimental plots receiving no or 50 cm of sand had 
grown the same number of shoots (422 ± 47 shoots (0 cm) vs. 406 ± 28 shoots (50 cm), 
GLM: estimate = -0.04 ± 0.024, z = -1.61, p=0.108), whereas the plants that received 100 
cm of sand had three times less shoots (132 ± 15 shoots (100cm); GLM: model estimate = 
-1.16 ± 0.035, z = -32.96; p<0.001; Figure 3.1a). At the end of the sand addition treatment 
(dashed red line; Figure 3.1a), the shoot growth rate was positively correlated to sand 
deposition with the highest growth rate for the plants receiving 100 cm (0.90 ± 0.08 
Figure 3.1  |  Growth response of the Ammophila plants under the different sand addition treatments: 
0 cm (dark green), 50 cm (light blue) or 100 cm of sand year-1 (dark blue). a) Number of shoots per 
plot during the course of the experiment. The red dashed line indicates the end of the sand addition 
treatment, after which the plants were left to grow for an additional two-week period. b) The growth 
rate (cm day-1) of the shoots after sand addition was ceased. c) Total biomass of the living plants at the 
end of the experiment. d) The belowground (BG) to aboveground (AG) biomass ratio at the end of the 
experiment. Error bars represent ± SE. Letters represent Posthoc (Tukey) grouping (p<0.05)
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(100 cm) and 0.48 ± 0.07 (50 cm) vs. 0.33 ± 0.08 cm day-1 (0 cm); F2,21 = 22.33; p<0.001; 
Figure 3.1b). Similar to the number of shoots, the total biomass was equal for the plants 
receiving 0 cm (1449 g FW) or 50 cm (1547 g FW) sand over the year, but lower for the 
plants that gained 100 cm of sand (861 g FW) (F2,61 = 4.59; p=0.014; Figure 3.1c). The 
high investment in rhizomal tissue to outgrow the high sand levels resulted in a higher 
belowground:aboveground biomass ratio for the plants that received sand compared to the 
plants receiving no sand (2.47 ± 0.45 (100 cm), 0.94 ± 0.14 (50 cm) vs. 0.52 ± 0.05 (0 cm); 
F2,61= 29.74; p<0.001; Figure 3.1d). 
Shoot organization and expansion strategy
Analyses of 2D calibrated images revealed the fractal dimension (Df) of the spatial shoot 
organization to be the same per sediment deposition treatment over the region from 
4-32 cm  (F3,156 = 2.608; p=0.054; Figure 3.2d). However, within this region, there was 
a significant difference between the treatment levels, with the fractal dimension of the 
plants receiving no sand being higher than the plants that received sand throughout the 
year (Df = 1.15 (0 cm year-1) vs. 0.84 and 0.88 (50 and 100 cm year-1 , respectively); F2,50 = 
8.362; p< 0.001; Figure 3.2d). The cumulative step size distribution of the plants in two-
dimensional space revealed no differences between 50 and 100 cm, but to decline steeper 
for no sand treatment (Figure 3.2e). This was reflected in the scaling exponent μ, that 
decreased with increasing sand deposition (F2,17 = 9.467; p = 0.002; Figure 3.2f), indicating 
a more dispersed shoot organization under sand deposition (see Figure 3.2a-c for a visual 
representation of the shoot organization). To demonstrate differences in clonal expansion 
strategy we measured the mean rhizomal step length (Figure 3.2g). We found the plants 
that received no sand throughout the year to have a three times lower mean rhizomal step 
length than the plants that did receive sand (F2,20 = 28.385; p<0.001). This increase in mean 
step size was caused by a larger proportion of medium sized rhizomes (i.e. rhizomes of ~ 
30 and 50 cm (for 50 and 100 cm year-1, respectively) the that were needed to outgrow 
the sand deposits (see Supplementary Figure 3.2 for histograms on the pooled data and 
cumulative distributions for the individual clonal plant species). 
Biophysical feedback
Average sand deposition per shoot (in cm2) was highest for the more clustered shoot 
organization of the plants that were given no sand during the experiment and decreased as 
the shoot organization became patchier under sand addition (F2.60 = 4.865; p=0.011; Figure 
3.4a). The analyses on the sand trapping efficiency (deposition per rhizomal investment), 
clearly showed that the more clustered organization of the plants in sand-poor environments 
increases sand trapping efficiency in the two-dimensional space by obtaining a high sand 
deposition, while minimizing the costs for developing rhizomes (F2,16 = 8.557; p=-0.003; 
Figure 3.4b, open bars). The patterned bars indicate the sand trapping efficiency obtained 
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Figure 3.2 | a-c) Spatial shoot organization of the Ammophila individuals (the four colours in the 
plot (i.e. red, blue, turquoise and purple) indicate the four clonal individuals) under the different sand 
addition treatments: a) spatial organization of the 0 cm treatment (plot 18), b) spatial organization of 
the 50 cm treatment (plot 16) c) spatial organization of the 100 cm treatment (plot 1). d) The fractal 
dimension (Df) of the pattern was Df ~ 1.1 for 0 cm (green dots), Df ~ 0.84 for 50 cm (light blue 
squares) and Df ~ 0.88 for 100 cm year-1 (dark blue triangles) for 4-32 cm (light grey area). e) Inverse 
cumulative frequency distribution of the estimated step sizes between shoots of the pooled data per 
treatment (0 cm: green, 50 cm: light blue and 100 cm: dark blue) using a nearest neighbor connecting 
algorithm on calibrated 2D images of the individual plants (see Figure 3.2 a-c). f) The power-law or μ 
exponent of the Lévy distributions for each sand addition treatment. g) the mean rhizomal step size for 
each sand deposition treatment. Error bars represent ± SE. Letters depict post-hoc grouping (p<0.05).
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by calculating the Euclidian distance between shoots in three-dimensional space. Plants 
that did not have to expand vertically had an on average almost five times higher efficiency 
(509 cm2 cm-1 (0 cm) vs. 120 and 85 cm2 cm-1 for 50 and 100 cm year-1, respectively; F2,16 
= 39.098; p<0.001). Finally, we found a nonlinear relation (Monod Type I) between sand 
deposition and number of shoots for the different sand deposition treatments (F4,57=8.555; 
p<0.001; Figure 3.4c). The more clustered organization of the shoots in the no sand 
addition treatment appears to level off at a lower shoot number and eventually reach a 
lower maximum sand deposition level (maximum level: ~3900 ± 330 cm2 (0 cm) vs. 11800 
± 3500 cm2 (50 cm) and half rate constant k: 230 + 32 shoots (0 cm) vs. 970 ± 351 shoots 
(50 cm)).   
Figure 3.3 | Effect of spatial shoot organization of the individual Ammophila plants in the different 
sand addition treatments (0 cm (green), 50 cm (light blue) and 100 cm year-1 (dark blue) on sand 
deposition. a) sand deposition (in cm2) per shoot and b) sand trapping efficiency as deposition per 
total distance between shoots (using both the 2D (open bars, presented at the back) and 3D (patterned 
bars, presented at front) euclidian distances per shoot obtained using the nearest neighbor method). c) 
Relation between sand deposition (in cm2) and number of shoots. Lines and R2 values indicate monod 
type I relations. Error bars represent + SE. Letters depict post-hoc grouping (p<0.05). 
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Discussion
Our recent work demonstrated that beach grasses employ different clonal expansion 
strategies that determine their ability to capture sand the early phase of beach colonization 
by generating distinct spatial shoot organizations (Chapter 2). In this study, we further 
unravel the biophysical feedback that steers coastal dune formation by investigating the 
interaction between shoot organization and sediment capture. We first experimentally 
demonstrated that shoot organization is dependent on sediment deposition, revealing 
strong clustering generating a single dense patch in sand-poor environments and a patchy 
organization consisting of multiple smaller patches under sand deposition. We then used 
a simulation model to show that clustering initially enhances sand trapping efficiency, but 
that the patchier shoot organization eventually leads to an overall higher sand trapping 
capacity. Combined, these results demonstrate that the shoot organization of Ammophila 
arenaria is dependent on environmental conditions, revealing strong clustering in sand-
limited environments and more patchy organization when sand is available. We argue 
that in the early stages of establishment the plants likely demonstrate a higher degree of 
clustering which enhances sand trapping potential, but that the entrapped sand in the 
dense tussock eventually promotes the development of long laterally expanding rhizomes 
to further steer dune development.
Organizing shoots to steer sediment capture
To escape the harsh environmental conditions of growing at the land-water interface, beach 
grasses typically rely on capturing sand to form dunes (Baye, 1990, Maun, 1994). However, 
the height and shape of these dunes and therefore their ability to protect the hinterland 
can differ greatly depending on the dune-building species (Hacker et al., 2012, Seabloom 
et al., 2013). Recently, Zarnetske and co-authors (2012) proposed a biophysical feedback 
mechanism that depends on differences in species-specific growth forms and growth-form 
mediated sand capture to lead to distinctly different dune morphologies. However, the 
authors primarily focused on density-dependent effects (i.e. high vs. low density given the 
same surface area) and the ability to develop vertically expanding rhizomes, ignoring the 
spatial organization of these beach grasses. Here, we show for the world’s largest dune 
builder that shoot organization determines sand capture, and is itself dependent on sand 
deposition. We found the plants growing under 0 or 50 cm sand year-1 to produce the same 
amount of shoots (Figure 3.1a). However, their spatial arrangement differed substantially, 
as the plant that received no sand exhibited tighter shoot clustering (as reflected in a higher 
fractal dimension and steeper step size distribution) than the plants that were subjected 
to regular sand addition (Figure 3.2d-f). Furthermore, we found sediment deposition on 
itself – irrespective of the amount of sand – to cause a patchier shoot organization that 
more closely resembled the Ammophila arenaria patterns observed in the field (Chapter 2). 
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Simulations from our spatially-explicit biophysical model revealed that the more clustered 
shoot organization of the sand-deprived plants yield both an on average higher per shoot 
and per rhizomal investment sand-capture efficiency than the plants that received sand 
throughout the year (Figure 3.3a,b). However, the non-linear relation between the number 
of shoots of a clonal individual and the total area of sand deposition (Figure 3.3c) indicates 
that the more clustered strategy leads to an eventually lower total sand capture potential 
than the patchier shoot organization. Hence, our results demonstrate that Ammophila 
tends to cluster when it is deprived of sand and possibly in the early stage of establishment, 
thereby enhancing its sand trapping efficiency, but that its shoot placement strategy 
becomes more Lévy-like, yielding a patchy shoot organization, when they capture sand in 
natural conditions.
Optimizing dune building – trade-off between flooding and burial stress
Although the formation of dunes may allow the species to escape the detrimental effects 
of seawater flooding, sand deposition on itself may negatively impact the growth of species 
by burying the leaves, thereby inhibiting photosynthesis (Maun, 1998, Kent et al., 2005). 
In our mesocosm experiment we found the plants subjected to 100 cm sand year-1 to 
suffer from burial stress, which resulted in three times less shoots than the plants receiving 
no or 50 cm of sand, and a much lower total biomass (Figure 3.1a,c). To prevent burial 
stress, the rate of vertical expansion has to keep pace with the rate of sediment deposition, 
but we found 35% of the initially planted Ammophila individuals in the 100 cm year-1 
to have died during the experiment (opposed to 0 and 6% for the no and 50 cm year-1 
treatments, respectively). The plants that did survive the high sand deposition invested a lot 
more biomass in rhizomal production (~2.5x higher investment in below than aboveground 
tissue (Figure 3.1d)). However, their high growth rate following the end of sand deposition 
treatment revealed their potential to outgrow the sand and further colonize the dune (Figure 
3.1b). This suggests that if the plants are initially able to survive high sand deposition, they 
likely perform equally well than the plants receiving no or less sand. In our mesocosm 
set-up, we only simulated the effect of sand deposition on the plants, leaving the adverse 
effects of not trapping sand, and therefore having to endure flooding stress, aside. We 
therefore argue that the average sediment supply regime of the Netherlands (~50 cm year-
1) may reinforce growth in natural condition by optimizing the balance between shoot and 
rhizomal investment (with a ratio of 1:1 (BG:AG), Figure 3.1d). Hence, the interplay of sand 
availability and the growth strategy of Ammophila, likely allows the plant to thrive under 
dune building rates of 50 cm year-1, by escaping the contrasting stressors of seawater 
flooding and excessive burial. 
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The importance of spatial organization in coastal ecosystems
The harsh environmental conditions of many coastal ecosystems promote the simultaneous 
occurrence of short-range self-facilitating and long-range inhibiting feedbacks, leading to 
aggregations of ecosystem-forming species alternated by bare areas (van de Koppel et 
al., 2004, van der Heide et al., 2010, Weerman et al., 2010, Van de Koppel et al., 2008). 
In addition, recent studies have found that self-organization can occur at multiple spatial 
scales, with small-scale behavioral aggregation as a result of density-dependent movement 
of organisms and large-scale environment-induced patterns resulting from scale-dependent 
feedbacks (Liu et al., 2013, Liu et al., 2014, de Paoli et al., 2017). Furthermore, these self-
organized spatial patterns have been shown to significantly impact the functioning and 
stability of ecosystems (Rietkerk et al., 2004, Johan van de Koppel et al., 2005, de Paoli 
et al., 2017, Liu et al., 2013). Our study adds to these previous studies by showing for the 
first time the emergence of spatial complexity at the level of an individual clonal plant as a 
result of interactions with its physical environment. The notion that small-scale interactions 
between behavioral processes in clonal plant species and the physical environment may 
steer landscape development in the initial phase of landscape colonization, can have 
important implications for the way we manage or restore these valuable ecosystems. First 
of all, we need to further understand how this individual-scale spatial complexity interacts 
with the physical environment to generate distinct spatial signatures depending on the 
involved species and ecosystem type. For instance, we found shoot organization to differ 
between the two Ammophila species (Chapter 2) and to be dependent on environmental 
conditions, suggesting that in other coastal ecosystem similar shifts in shoot patterning 
between and within species may occur. Secondly, as we found shoot organization to dictate 
feedback strength, we suggest that spatial shoot signatures could be used as a proxy of 
environmental harshness as through these biophysical feedbacks the environment becomes 
increasingly benign. Furthermore, as the clonal expansion strategy of these landscape-
forming plants seems adaptive, spatial shoot organizations may be indicative of stress at the 
species level and maybe even serve as early warning signals to predict ecosystem resilience.
Restoring coastal landscapes by spatially organizing plants
Over the last century, coastal ecosystems and the critical services they provide have declined 
at a fast pace as a result of primarily human activities and global change (Barbier et al., 
2011, Costanza et al., 2014). To counteract these losses, coastal habitat restoration has 
rapidly evolved from small initiatives at the regional level to the formulation of global 
strategies to restore millions of acres of degraded coastal ecosystems (de Paoli et al., 
2017). However, fundamental insight of the internal feedback mechanisms that govern the 
formation and dynamics of these coastal ecosystems is often still lacking or insufficiently 
implemented in coastal restoration designs (de Paoli et al., 2017, Halpern et al., 2007, 
Silliman et al., 2015). For instance, planting designs for the restoration of coastal wetlands 
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or dunes are still primarily influenced by forestry science and do not reflect the natural 
spatial organization of the target species, thereby neglecting self-facilitative interactions for 
successful ecosystem establishment (Silliman et al., 2015). Our study then emphasizes the 
importance of spatial shoot organization on the individual plant level both for optimizing 
engineering strength in the early phase of colonization and in later phases of ecosystem 
development when physical alterations of the environment interact with shoot placement 
strategies. We therefore suggest the development of tailor-made restoration schemes that 
harness the spatial organization of the involved species depending on the harshness of the 
environment. 
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Supplementary Figures
Supplementary Figure 3.1 | the shoot placement strategy of the Ammophila individuals under the 
different sand deposition treatments in both two-dimensional space (a,b) and three-dimensional 
space (c,d). a and c represent the inverse cumulative distribution of the estimated step sizes (using a 
nearest neighbor algorithm) of the pooled data per experimental treatment using the 2D (a) or 3D (c) 
projection of the shoots. b and c indicate the scaling or Lévy exponent (μ) of the step size distributions 
of all individual clonal plants per sand deposition treatment. Error bars represent ± SE. 
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Supplementary Figure 3.2 | The rhizome step size distribution under the different sand deposition 
regimes (a: 0 cm, b: 50 cm and c: 100 cm year-1). The left panels represent histograms of the relative 
frequency and the right panels indicate the inverse cumulative distribution of the individual rhizomal 
networks. Note that as sand deposition is higher the plants need to develop a higher proportion of 
vertically expanding tillers to outgrow the accumulated sand. 
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Abstract
Vegetated coastal ecosystems are often formed through two-way interactions between 
plants and their physical landscape. By expanding clonally, landscape-forming plants can 
overcome establishment thresholds and generate high local shoot numbers or increase 
patch size to colonize bare unmodified environments and stimulate vegetation-landform 
feedback interactions. Yet, to what degree these plants rely on clonal integration for 
overcoming physical stress during biogeomorphological succession remains unknown.
Here, we investigated the importance of clonal integration and resource availability on 
the resilience of two beach grasses (i.e. Elytrigia juncea and Ammophila arenaria) over a 
natural biogeomorphic coastal dune gradient from beach (unmodified system) to foredune 
(biologically modified system). We found beach grass resilience, as measured by its ability 
to recover and expand following severe disturbance, to be independent on the presence of 
rhizomal connections between plant parts. Instead, we found resource availability over the 
gradient to largely determine plant resilience. The pioneer species, Elytrigia, demonstrated 
a high resilience to physical stress, independent on its position on the biogeomorphic 
gradient (beach or embryonic dune). In contrast, the later successional species (Ammophila) 
proved to be highly resilient on the lower end of its distribution (embryonic dune), but it 
did not fully recover on the foredunes, most likely as a result of nutrient deprivation. We 
argue that in these homogenously resource-poor environments overall resource availability 
instead of translocation through a clonal network determines the resilience of plant species. 
Hence, the formation of high coastal dunes may increase the resistance of beach grasses to 
the physiological and physical stresses of coastal flooding, but the reduced marine nutrient 
input may negatively affect the resilience of individual plants to severe disturbance. 
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Introduction
Vegetated coastal ecosystems including coastal dunes, salt marshes and seagrass 
meadows underpin vital services in coastal zones (e.g. flood protection, water and carbon 
storage, biodiversity enhancement) (Barbier et al., 2011, Costanza et al., 1997, Barbier 
et al., 2008). The dynamics of these ecosystems are generally controlled by biophysical 
feedback mechanisms. These landscape-forming feedbacks are generated through two-
way interactions between the dominant plant species and physical processes, ameliorating 
the stressful conditions that typically prevail in exposed coastal environments (Corenblit et 
al., 2011, Balke et al., 2014, Corenblit et al., 2015, Vacchi et al., 2017). For instance, plants 
are able to attenuate flows of wind and water, thereby stimulating sedimentation and 
promoting their own growth by reducing physical stress (e.g. drag, salinity) (Jones et al., 
1994, Van Hulzen et al., 2007, van der Heide et al., 2007, Zarnetske et al., 2012, Silliman 
et al., 2015). Because these feedbacks require a minimum plant shoot density and patch 
size to operate adequately, feedback-dependent ecosystems can suddenly collapse below 
this threshold, and (re-)establishment is impeded (Christianen et al., 2014, Silliman et al., 
2015, Angelini et al., 2016).
To rapidly overcome these density and patch size-dependent establishment thresholds, 
many landscape-forming plants rely on clonal expansion as their main mode of dispersal 
(Bouma et al., 2005, Hacker et al., 2012, Kendrick et al., 2005, Chapter 2). Next to the 
ability to generate high local shoot numbers and increase patch size, clonality can also 
greatly enhance the longevity of an individual (de Witte and Stöcklin, 2010, Thomas, 2013, 
Bricker et al., 2018). This significantly increases its persistence and potential of forming 
complex biogeomorphic landscapes (Bouma et al., 2013, Strain et al., 2017). The stressful 
conditions prevailing in exposed bare, unmodified coastal systems (e.g. intertidal mudflats, 
beach plains) hamper successful establishment of seedlings and individual shoots. Expansion 
into these stressful environments can be facilitated by physiological integration of pioneer 
shoots with a sufficiently large original patch through rhizomal connections (Amsberry et 
al., 2000, Silinski et al., 2016). By sharing scarce resources such as water, carbohydrates and 
mineral nutrients over the clonal network, clonal plants can mitigate stressful or resource-
poor conditions (Alpert and Mooney, 1986, Alpert, 1996, Stuefer et al., 1994, Brewer 
and Bertness, 1996, Pennings and Callaway, 2000, He et al., 2011). However, to what 
degree landscape-forming plants rely on clonal integration throughout the various phases 
of biogeomorphological succession, from bare unmodified areas to biologically engineered 
habitat, remains poorly understood (Kendrick et al., 2005, Corenblit et al., 2015, Corenblit 
et al., 2011).
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Here, we hypothesize that landscape-forming plants rely on clonal integration for overcoming 
establishment thresholds during the early phases of biogeomorphic succession on bare 
sediment, but that the significance of clonal integration fades as the landscape becomes 
increasingly modified through biophysical feedbacks. We tested this general hypothesis in a 
coastal dune ecosystem, by studying the role of clonal integration for overcoming physical 
stress over a natural biogeomorphic succession gradient from beach (unmodified, stressful 
environment) to foredune (modified, more benign environment).
Coastal dunes are found all over the world in wave-dominated sandy beaches where an 
ample supply of ocean-provided sediment drives the aeolian transport of sand particles 
(Martínez et al., 2008). Burial tolerant beach grasses can trap and accumulate wind-blown 
sand, thereby forming small embryonic or incipient dunes (Durán and Moore, 2013). In time, 
these embryonic dunes can develop into foredunes that form a resistant coastal defence 
line (Hesp, 2002, van Puijenbroek et al., 2017). As the harsh environmental conditions on 
the beach (e.g. prolonged inundation, salinity stress, wave exposure) limit plant growth, 
accreting sediment offers an effective escape mechanism for many dune-building grasses 
(Baye, 1990, Maun, 1994). However, by accreting sediment, beach grasses do not only 
escape from the physical and physiological stresses of living on the land-sea interface, they 
also lose the advantage of receiving a higher external nutrient input (e.g., deposit of wrack 
or other organic matter) during overwash events (Dugan et al., 2011, Schrama et al., 2013). 
As nutrient levels in coastal dune environments are generally low, this nutrient deprivation 
may seriously hamper the recovery rate and resilience of the dune-building grasses growing 
at the crest of the foredune.
In North-western Europe, the two main dune-building grasses: Elytrigia juncea (L.) Nevski 
(hereafter Elytrigia) and Ammophila arenaria (L.) Link (hereafter Ammophila) are generally 
found in subsequent successional stages. Elytrigia is the pioneer species that generates large 
but sparse vegetation patches, thereby rapidly colonizing the unmodified beaches to form 
wide and low embryonic dunes (van Puijenbroek et al., 2017). Ammophila in contrast is the 
later successional species that generally colonizes the embryonic dunes to form small but 
dense vegetation patches that lead to the formation of more narrow but higher foredunes 
(van Puijenbroek et al., 2017). 
Based on our overarching hypothesis, we suggest that for coastal dune systems: (I) 
dune-forming species rely on clonal integration in the early successional phase of beach 
colonization, but that this effect wears off in later successional phases and (II) exposure 
to physical stress and resource availability synergistically determine the resilience of beach 
grasses to severe physical stress. Specifically, we expect the pioneer species, Elytrigia, to 
rely strongly on clonal integration to rapidly colonize the barren landscape and overcome 
the environmental harshness of growing at the land-water interface. In contrast, we expect 
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that the later successional species, Ammophila, is less adapted to physical stress and does 
not rely so much on physiological integration between its connected dense tussocks to 
overcome physical stress. Moreover, as both physical stress and resource availability likely 
decrease over the successive dune gradient, we anticipate plants growing on the higher end 
of the species’ spatial distribution to be less resilient to physical stress and to rely less on 
distributing resources between their clonal networks. 
To test both hypotheses we set up a field experiment over a coastal dune successive gradient 
in which we measured nutrient availability and created severe physical stress, by clipping 
all aboveground biomass and monitored the recovery rate of both species as an indicator 
of their resilience to physical stress. The effect of clonal integration in overcoming physical 
stress for both species was tested by leaving the clonal network either intact or by severing 
the clonal plant into two parts. Specifically, we addressed the following questions: (1) How 
do both beach grasses respond to severe physical stress? (2) How does the position (high 
vs. low) on the successive gradient affect the resilience of both beach grasses? (3) Does 
clonal integration help both beach grasses recover after severe physical stress? (4) Does the 
importance of clonal integration in overcoming physical stress decrease over a successive 
gradient when there are fewer resources available?
Materials and methods
Study system
The study area was located on a wide dissipative beach on the eastern end of the Wadden 
Sea island of Schiermonnikoog, the Netherlands (53°30’27N, 6°18’40E). With a mean tidal 
range of 2.2 m the island is characterized as a mesotidal barrier island (Rijkswaterstaat, 
2013). The beach width of ~750 m, as measured from the 0 mean water level (MWL) line 
to the primary foredunes, is wide enough to support large embryonic dune complexes (van 
Puijenbroek et al., 2017). The two dominant beach grasses of our study system: sand couch 
(Elytrigia juncea) and marram grass (Ammophila arenaria) differ in their spatial distribution 
with Elytrigia occupying the lower ranges of the coastal dune gradient (i.e. beach and 
embryonic dunes) and Ammophila occupying the higher ranges from the embryonic dunes 
to the high foredunes. With an average height of 1.7 m above HWL the beach region, 
where only Elytrigia occurs, is likely to get partially flooded every springtide (Rijkswaterstaat, 
2013) (Figure 4.1). The embryonic dune region where both species can be found is situated 
~60 cm higher and will get flooded approximately five times a year during storm surges 
(primarily during winter time) (Rijkswaterstaat, 2013). Finally, the higher region of the 
coastal foredune (+ 4.6 m HWL) is unlikely to receive seawater intrusion during coastal 
overwash events.
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Experimental design
To study the relative importance of clonal integration in overcoming stress over a successive 
coastal dune gradient, we selected pairs of individual plants growing in close proximity 
(approximately within 5 meters) and either left their clonal network intact or severed their 
rhizomal connections. Over a successive transect from beach to foredune, we chose three 
different locations (beach (B), embryonic dune (E) and foredune (F)), and on each location 
we selected ten pairs of isolated individuals of either sand-couch (Elytrigia juncea) or 
marram grass (Ammophila areneria) at the start of the growing season in early April 2017.
On the lowest end of the gradient (B) we randomly selected ten pairs of clonal Elytrigia 
individuals (number of shoots: 15 ± 1.2; 0.82 ± 0.10 g FW; N=20). In the embryonic 
dune region (E) the species were co-occurring and we selected both ten pairs of Elytrigia 
individuals (number of shoots: 43 ± 3; 1.50 ± 0.11 g FW; N=20) and ten paired plots of 
Ammophila individuals (number of shoots: 90 ± 10.3; 4.04 ± 0.28 g FW; N=20). On the 
highest end of the gradient (F) only Ammophila was present (number of shoots: 83 ± 7.2; 
3.58 ± 0.26 g FW; N=20) (see Figure 4.1). We created our experimental plots (60 x 30 cm) 
using a frame with sharp edges, which severed all rhizomal connections growing outside 
of the plot dimensions. Furthermore, if necessary, we removed all surrounding vegetation 
from a 50 cm distance of the plots. 
Of each pair (N=10) one of the plots was randomly chosen to receive the severed clonal 
network treatment. This experimental design yielded eight treatment combinations: 
Elytrigia intact beach (EIB), Elytrigia severed beach (ESB), Elytrigia intact embryo (EIE), 
Elytrigia severed embryo (ESE), Ammophila intact embryo (AIE), Ammophila severed embryo 
(ASE), Ammophila intact foredune (AIF) and Ammophila severed foredune (ASF), with 10 
replicates per treatment. For each experimental plot we excavated the network in the 
middle of the plot to make sure that the shoots on either side of the plot were linked 
through rhizomal connections. For the severed clonal integration treatment, we disrupted 
the rhizomal network in the middle of the experimental plot, using a sharp blade, thereby 
dividing the clonal plant into two separate parts (labelled part 1 and part 2). For both 
the severed and the intact clonal treatment we used wooden poles to mark the division 
between both parts of the plant. At the start of the experiment we clipped all aboveground 
biomass of all our experimental units to mimic severe physical stress. In this way we could 
investigate the role of clonal integration in overcoming stress over a successive gradient for 
both species. The experiment lasted for a total of 62 days. 
Soil analysis
To evaluate the potential differences in nutrient availability over the successive coastal dune 
gradient we collected sediment samples at the beginning of the experiment in early April 
2017. Sediment samples were collected (~ 10 cm depth), from both inside the plot between 
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the plant roots, and at 50 cm from the edge of the plant. Salt-extracts were taken from 
the soil samples using 17.5 g fresh soil in 50 ml of 0.2 M NaCl, which was shaken for 2 
hours. Plant-available nitrogen was estimated by colorimetrically measuring concentrations 
of nitrate and ammonium in the salt-extracts on an Auto-Analyzer 3 system (Bran & 
Luebbe, Norderstedt, Germany or Skalar and Seal autoanalyzer). Nitrate was determined 
by sulphanilamide, after reduction of nitrate to nitrite in a cadmium column (Wood et al., 
1967) and ammonium using salicylate (Grasshoff and Johannsen, 1972). Plant-available 
phosphorus was estimated using a bicarbonate-extract (Olsen, 1954), which was analyzed 
using an inductively coupled plasma emission (ICP) spectrophotometer (ICP-OES iCAP 6000; 
Thermo Fisher Scientific, Waltham, MA, USA). 
Figure 4.1 | (A) The location of our experimental plots projected on a Digital Elevation Model (DEM) 
in m above MWL (obtained from Actueel Hoogtebestand Nederland (AHN) (van der Zon, 2013)) of 
the beach at the eastern end of Schiermonnikoog. The dark blue rounds represent the Elytrigia plots 
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Experimental design 
To study the relative importance of clonal integration in overcoming stress over a successive 
coastal dune gradient, we selected pai s of individual plants growing in close proximity 
(approximately within 5 meters) and either left their clonal network intact or severed their 
rhizomal connections. Over a successive transect from beach to foredune, we chose three 
different locations (beach (B), embryonic dune (E) and foredune (F)), and on each location we 
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Plant analyses
To calculate the rates of recovery and expansion of the different plant treatments, we 
counted the number of shoots of each experimental plot at the beginning, after 21 days 
and at the end of the experiment after 62 days. To determine the foliar nutrient and sodium 
concentrations as proxies for nutrient uptake and marine influence, we collected leaf 
samples of either side of the experimental plots (part 1 and part 2) both at the beginning of 
the experiment and at the end, yielding a total of 320 leaf samples (80 experimental units 
x 2 parts per plot x 2 time points). After drying at 60°C to constant weight, we grinded the 
samples using a ball mill (MM400, Retch, Haan, Germany). Subsequently, to determine C 
and N concentrations we weighted ~1 mg homogenized samples into tin cups and analysed 
them using an elemental analyser (Carlo Erba NA1500, Thermo Fisher Scientific, Waltham, 
MA, USA). Furthermore, concentrations of P and Na were determined on 200 mg of the 
aboveground plant material through digestion with 4 ml of HNO3 (65%) and 1 ml of H2O2 
(30%) in a microwave oven (MLS 1200 Mega, Milestone Inc., Sorisole, Italy), after which 
the samples were diluted and analyzed using an inductively coupled plasma emission (ICP) 
spectrophotometer (ICP-OES iCAP 6000; Thermo Fisher Scientific, Waltham, MA, USA).
Statistical analyses
All statistical analyses were performed using the software program R (version 3.4.0). The 
main and interactive effects of clonal integration treatment (severed vs. intact), species 
(Elytrigia vs. Ammophila) and their position on the biogeomorphic gradient (low vs. high per 
species) per timepoint (t= 21 and t= 62 days) on the recovery rate of the individual plants 
for both timepoints, were analyzed using linear mixed effect models with a Satterthwaite 
approximation of the degrees of freedom using the pairs as a random factor. For soil nutrient 
values we used linear mixed effect models to assess the main effects of both position on 
the biogeomorphic gradient (beach, embryonic dune, foredune) and vegetation presence 
(within patch vs. outside patch) on both plant-available N and P levels, using the pairs as a 
random factor. Tukey HSD posthoc tests were used to separate treatment effects.
The main and interactive effects of species identity (Elytrigia vs. Ammophila), position on 
the biogemorphic gradient (low vs. high per species) and time of measurement (start vs. 
end of the experiment) on foliar nutrient levels were analyzed using linear mixed effect 
models with a Satterthwaite approximation of the degrees of freedom using plot number 
as a random factor. For every test, normality of the residuals was checked and if needed, 
the data were transformed using a square root or Box-Cox transformation. P-values lower 
than 0.05 were considered statistically significant.
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Results
Recovery rates of both beach grasses
After 21 days, we observed a clear species-specific response to physical disturbance 
(i.e. clipping of shoots), with almost all Elytrigia plants showing full recovery, whereas 
most Ammophila plants had not yet recovered (101.6 ± 6.1% (Elytrigia) vs. 68 ± 4.0% 
(Ammophila); F1,71=
 27.01; p<0.001; Figure 4.2A). Strikingly, we observed no significant 
differences between clonal integration treatment (intact vs. severed) for either species (F1,71= 
0.71; p=0.403). We did find a clear interaction between the position on the biogeomorphic 
gradient and the species, with Ammophila showing less recovery on the foredune (51.5 ± 
2.9%) than on the embryonic dunes (84.9 ± 5.3%), whereas Elytrigia showed a slightly 
better recovery in the embryonic dunes (110.2 ± 10.4%) than on the beach (93.6 ± 6.5%) 
(F1,71= 17.42; p<0.001).
At the end of the experiment (62 days after clipping of all aboveground biomass) all Elytrigia 
plants had expanded and gained on average 50% more shoots. In contrast, we found that 
not all Ammophila plants had recovered yet or had only just started expanding beyond their 
initial size (152.6 ± 10.1% (Elytrigia), 102.8 ± 8.9% (Ammophila); F1,72 = 18.16; p<0.001; 
Figure 4.2B). Again, we found a clear position effect with the Ammophila plants growing on 
the higher end of the gradient (foredune) exhibiting less recovery (69.5 ± 4.3%) compared 
to the expanding plants on the embryonic dunes (136.0 ± 13.9%) and little differences 
between the Elytrigia plants on the higher end of their spatial distribution in the embryonic 
dunes (141.9 ± 10.8%) compared to the plants living on the beach (163.4 ± 16.9%) (F1,72 
= 6.71; p=0.011). Strikingly, no significant main or interactive effects of clonal integration 
treatment were found (F1,72 = 0.09; p=0.753).
Nutrient levels in soil and plant
Soil nutrient (N, P) levels were generally very low and we found no differences between plant-
available N or P levels from sediment samples taken within the vegetation patch compared 
to samples taken at 50 cm distance from the vegetation (N: F1,106= 0.32; p=0.572; P: F1,106 
= 0.73; p=0.719; Figure 4.3). Plant-available N levels decreased over the biogeomorphic 
succession gradient and were nearly twice as high on the beach and the embryonic dunes 
compared to the higher foredunes (0.0052 mg g-1 (B&E) vs. 0.0029 mg g-1 (F); F2,36 = 11.93; 
p<0.001; Figure 4.3A). Similar to N, plant available P decreased with distance from the sea 
and was highest at the beach (0.0013 mg g-1) and twice as low at the foredunes (0.0005 
mg g-1) (F1,38 = 32.0; p<0.001; Figure 4.3B).
C:N leaf tissue ratios were lower for Elytrigia compared to Ammophila (17.9 ± 0.5 g g-1 
(Elytrigia) vs. 33.2 ± 0.8 g g-1 (Ammophila); F1,74=332.7; p<0.001; Figure 4.4A). Furthermore, 
we found a strong interaction between species and their position along the biogeomorphic 
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gradient, as we observed no significant differences between the two Elytrigia stages and 
a sharp increase in C:N ratio for Ammophila further up the gradient (+1.4 from EB to EE 
and +14.6 from AE to AF; F1,74=18.9; p<0.001). At the end of the experiment, the C:N ratio 
was higher for all treatment levels with no significant interactions (F1,220 = 177.9; p<0.001).
Similar to foliar C:N ratios, the C:P ratios of Elytrigia shoots were on average lower than 
the Ammophila foliar ratios (187.8 ± 4.7 g g-1 (Elytrigia) and 309.7 ± 6.3 g g-1 (Ammophila); 
F1,76 = 253.9; p<0.001; Figure 4.4C). Moreover, we found an interaction effect of both 
position on the biogeomophic gradient (lower vs. higher end), species-identity and the time 
of measurement, which indicates that the change in C:P ratio for both species over time 
differed based on their position on the biogeomorphic gradient. This resulted in an increase 
in C:P ratio for Elytrigia on both the lower (+40 from start to end at beach) and higher (+80 
from start to end at embryonic dunes) end of its spatial distribution, whereas the C:P ratio 
Figure 4.2 | The relative recovery rate of both beach grasses crossed with both clonal integration 
treatments along the successive gradient from Beach (B), Embryonic dune (E) to Foredune (F) after 21 
days (A) en 62 days (B). Elytrigia is always depicted on the left of the black dashed line and Ammophila 
on the right. The red horizontal dashed line indicates the 100% recovery line: above this line the plants 
have expanded compared to the start of the experiment, below the line the plants have decreased in 
shoot numbers. Error bars represent + SE
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of Ammophila did not change at the lower end of its distribution (-1.5 from start to end 
at embryonic dunes) but showed a decrease at the highest point (-71 from start to end at 
foredunes) (F1,215 = 12.68; p<0.001). The foliar N:P ratios reflected the C:N and C:P ratios. 
Again, the species differed with Ammophila having a on average lower N:P ratio than 
Elytrigia (9.7 ± 0.2 g g-1 (Ammophila) vs. 10.9 ± 0.2 g g-1 (Elytrigia); F1,76 = 14.5; p<0.001; 
Figure 4.4B). We found an interaction effect between species and time of measurement (F1, 
214 = 11.4, p<0.001) and between species and their relative position on the biogeomorphic 
gradient (F1,76 = 8.0; p=0.006) with steeper decline in N:P ratios reported for Ammophila 
between the start and the end of the experiment than Elytrigia (- 2.9 (AE) & -2.5 (AF) vs. 
-1.8 (EB) & -1 (EE)). The N:P ratios at the end of the experiment were highest for Elytrigia on 
the beach and lowest for Ammophila on the foredune (10.4 ± 0.4 (EB) vs. 7.4 ± 0.3 (AF)). 
Lastly, the Na content of the leavers differed between the species with higher Na values for 
Elytrigia than Ammophila (2.43 ± 0.09 mg g-1 (Elytrigia) vs. 1.99 ± 0.08 mg g-1 (Ammophila); 
F1,76 = 11.92; p<0.001; Figure 4.4D). The Na content decreased over the biogeomorphic 
gradient with the highest overall values in the leaves of Elytrigia on the beach front (2.60 
± 0.14 mg g-1) and the lowest values for Ammophila at the dune crest (1.53 ± 0.05 mg g-1) 
(F1,76=22.87;p<0.001). Furthermore, we found an interaction effect between the species 
and the time of measurement as the foliar Na values for Elytrigia strongly decreased over 
time (-1.03 from start experiment to end) and the Na leaf content of Ammophila responded 
less strongly (-0.34 from start to end) (F1,229 = 45.97; p<0.001).
Figure 4.3 | Soil nutrient levels of A) plant-available nitrogen and B) plant available phosphorus, both 
inside (light gray) and at 50 cm distance of the plants (dark gray) along the successive gradient from 
beach (B) to embryonic dune (E) and foredune (F).  Errors bars represent + SE. Letters depict Posthoc 
(Tukey) grouping (p<0.05). 
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Discussion
We hypothesized landscape-forming plants to rely on clonal integration in the early, pioneer 
phases of biogeomorphic succession where physical stress is high, and that this dependency 
would be less important in later phases where conditions are more benign through 
biophysical modifications of the landscape. Although previous studies reported beneficial 
effects of clonal integration in overcoming physical stress (Yu et al., 2004, Pennings and 
Figure 4.4 | Foliar nutrient ratios for both beach grasses (Elytrigia) and (Ammophila) at the start and 
the end of the experiment along the successive biogeomorphic gradient from Beach (B) to Embryonic 
dune (E) and Foredune (F). (A) C:N ratios in g g-1 ,(B) N:P ratios in g g
-1 ,(C) C:P ratios in g g-1 and (D) Na 
contents in mg g-1. Error bars represent + SE.
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Callaway, 2000, Xiao et al., 2010), surprisingly, our experiment did not reveal any differences 
in recovery and expansion rates between connected and severed clonal individuals. 
Instead, we found the response to physical stress to differ greatly between the two species 
investigated in our experiment and their relative position on the biogeomorphic gradient. 
The pioneer species, Elytrigia, showed a high resilience regardless of its habitat (beach or 
embryonic dune). In contrast, the later successional species, Ammophila, exhibited a high 
resilience on the lower end of its spatial distribution (embryonic dunes), but did not fully 
recover on the foredunes (Figure 4.2), most likely as a result of nutrient deprivation. Hence, 
our results indicate that although the development of high coastal dunes may increase the 
resistance of beach grasses to the physical and physiological challenges of coastal flooding 
events (Baye, 1990, Durán and Moore, 2013), the reduced nutrient input may negatively 
impact their resilience to severe disturbance. 
Nutrient availability in coastal dunes 
Harsh environmental conditions in sandy beach environments (e.g. wave impact, salinity, 
burial, low freshwater and nutrient availability) hamper plant establishment and outgrowth 
(Maun, 1994). Through biophysical feedbacks, beach grasses can escape the detrimental 
effects of seawater flooding and enhance freshwater retention, but in turn they have to 
cope with an increase in other stressors such as sand burial and nutrient limitation (Maun, 
1998, Dugan et al., 2011, Feagin et al., 2015, Brown and Zinnert, 2018, Chapter 3). In 
our coastal dune system, we found nutrient levels to be generally very low and to exhibit 
little spatial variability and no relation to vegetation presence (Figure 4.2). Furthermore, the 
lower influence of seawater intrusion over the dune biogeomorphic succession gradient (as 
reflected by the decrease in Na content; Figure 4.4), with increasing elevation and distance 
to the sea (Figure 4.1), led to a decreased marine nutrient input, increasing foliar C:N and C:P 
ratios (Hannan et al., 2007, Dugan et al., 2011). Although the foliar P levels also decreased 
over the gradient (Figure 4.4C), previous studies have found that especially N availability 
strongly affects the growth of beach grasses (Willis, 1965, Kooijman et al., 1998, Kooijman 
and Besse, 2002). The occurrence of N limitation for both grasses is supported by relatively 
low N:P ratios (Güsewell, 2004), that were lowest for both plants species at the higher end 
of their spatial distribution and decreased over time (at end experiment: 9.9 g g-1 (Elytrigia 
embryonic dune ) vs. 7.4 g g-1 (Ammophila foredune); Figure 4.4A). The lower C:N and 
C:P ratio of Elytrigia compared to Ammophila (~65%) at the embryonic dunes where both 
species were co-occuring, indicates a higher nutrient use efficiency for the pioneer species 
(Figure 4.4A,C). Although previous studies have found that the contribution of biological N 
fixation (through bacteria or fungi) becomes more important over the succession gradient 
and can greatly enhance N availability (Dalton et al., 2004, Eduardo et al., 2006, Jones et 
al., 2008), we only observed a decrease of both the absolute and the relative (with respect 
to P) N availability with increasing distance from sea, suggesting that seawater flooding 
provides an important nutrient source in these coastal dune systems.
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Mechanisms to cope with low nutrient availability
To cope with the nutrient-poor conditions prevailing in the higher dune areas, Ammophila 
can recycle its own plant material through a litter-decomposition feedback. A foliar C:N 
ratio  of >30 makes the plants poorly degradable and leaves generally stay on the plant for 
two years before falling off (Kooijman and Besse, 2002). By accumulating a high quantity 
of slowly decomposing plant material, with a very high N-mineralization per unit litter, 
Ammophila can normally regenerate sufficient nutrients for maintenance and further 
growth (Kooijman and Besse, 2002). As extreme high storm surges may remove all standing 
biomass, this may inhibit this litter-decomposition feedback and lower the resilience of the 
Ammophila plants on the foredune. The especially very low N:P ratio of the plants on the 
foredune at the end of the biomass-removal experiment (~7.4) indicates severe N deficiency 
(Kooijman et al., 1998, Güsewell, 2004). In contrast, the Elytrigia and Ammophila plants 
growing in the lower regions were able to maintain their N:P ratio around ~10 and showed 
no clear response to reduced N input. Overall, we found that in the early successional 
phases of coastal dune development (from beach to primary foredune), marine nutrient 
input strongly contributes to nutrient availability and increasing N limitation eventually 
reduces the resilience of Ammophila plants on the primary dune crest.
The importance of clonal integration in beach systems
Although most studies in other ecosystem types have found that clonal integration helps 
clonal species overcome the hostility of their environment (Evans, 1991, Dong and Alaten, 
1999, Yu et al., 2004, Liu et al., 2009, Pennings and Callaway, 2000), some studies reported 
no or context-dependent effects of clonal integration (Wang et al., 2004, Hellström et al., 
2006). In our experiment, we found no effects of rhizome severing on the recovery and 
expansion rate of our plants (Figure 4.1). Most studies that reported a positive or facilitative 
effect of clonal integration subjected the plants to heterogeneous nutrient or stress levels 
(Liu et al., 2016). In contrast, we here found very little spatial heterogeneity in soil nutrient 
levels, which limits the significance of foraging for nutrients and explains the absent role of 
clonal integration in beach grass resilience.
Escaping physical stress to accept hunger
Our study demonstrates that the resilience of beach grasses to sever plant-level disturbance 
is largely dependent on their position on the biogeomorphic gradient. For the pioneer 
species, Elytrigia, we observed no differences in resilience, although the recovery rate after 
21 days was slightly higher at the higher end of its distribution at the embryonic dunes 
(Figure 4.2A). Since the plants growing on the beach were very small at the beginning of 
the growing season (av. 15 shoots (beach) vs. 43 shoots (embyronic dune)), we expect their 
initial lag in recovery to be the result of a lower initial biomass and reserves (Harris and Davy, 
1986). Although the Elytrigia plants on the beach quickly recovered and showed 60% more 
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shoots at the end of the experiment, we expect that the plants will be heavily impacted by 
storm surges in the winter season again. The high recovery and expansion rate of Elytrigia, 
probably also related to its high nutrient use efficiency, likely forms the basis for its capacity 
to colonize these highly dynamic areas. By accumulating and stabilizing wind-blown sand, 
the species can eventually create a more stable environment. Additionally, the low and wide 
dune profile that the dispersed clonal expansion strategy of Elytrigia generates will still get 
flooded a few times a year, providing the delivery of marine-nutrient input. For the later 
successional species, Ammophila, we observed no position-dependent differences in plant 
size at the beginning of the experiment (av. 90 (embryonic dune) vs. 83 (foredune)), but 
we did find clear differences in its resilience to severe physical stress. The patchy and dense 
clonal expansion strategy of Ammophila (see Chapter 2), in combination with the ability 
to grow vertically expanding rhizomes, leads to a higher and steeper dune profile, which 
eventually allows the species to escape high storm surges. The litter-nutrient feedback 
would normally allow Ammophila to grow and expand in these nutrient-poor environments. 
However, if a particular large storm hits the foredune and removes all standing biomass, we 
predict nutrient-deprivation to lead to a very low recovery potential. 
 
Clonality and vegetated coastal ecosystem
Many vegetated coastal ecosystems, including seagrass meadows, salt marshes and 
coastal dunes, are formed by clonally expanding plants (Bouma et al., 2013, Hacker et al., 
2012, Kendrick et al., 2005). Clonal expansion allows the plants to effectively colonize a 
certain area and to manipulate their spatial shoot organization, thereby actively facilitating 
further landscape formation through biogeomorphic feedbacks (Schwarz et al. 2018, 
Chapter 2). We here show that, at least in homogeneously nutrient-poor environments, 
the development of a clonal network does not increase nutrient availability, by foraging 
for nutrients or translocating nutrients through the rhizomal network. However, other 
studies have reported effects of clonal integration in other dune (Yu et al., 2004) or coastal 
ecosystems such as salt marshes (Pennings and Callaway, 2000) and seagrass meadows 
(Marbà et al., 2002). This indicates that both the potential to translocate nutrients and 
the effect of this trait is likely context-dependent and may differ greatly depending on the 
clonal network architecture of the species and the resource availability and distribution of 
the environment. We therefore emphasize the need to integrate research on clonality and 
habitat-modification (Brooker, 2017) to better understand the main processes determining 
the resilience and dynamics of these important feedback-dependent ecosystems. 
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Abstract
1. Grazing can significantly impact spatial heterogeneity and conservation value of 
ecosystems, especially when vegetation modifies environmental conditions to promote 
its own growth and survival. Earlier work revealed that overgrazing may stimulate 
persistent vegetation collapse in low-productivity environments where vegetation 
survives by concentrating scarce resources within its local environment. However, it 
remains unclear whether grazer fluctuations may cause persistent vegetation changes in 
high-productivity systems where dense stands facilitate their own survival by hampering 
grazer access. 
2. Here, we experimentally tested how the release from grazing by greylag geese (Anser 
anser) affects spatial vegetation structure in a highly productive, brackish marsh in 
which dense reed (Phragmites australis) stands and bare roosting areas co-exist. Next, 
we assessed the resilience of the change in vegetation patterning by re-introducing the 
geese after a two-year exclosure period. 
3. During herbivore exclusion, vegetation rapidly colonized the bare areas, while re-
introduction of herbivores generated a clear species-specific response. Specifically, 
the pioneer species, Bolboschoenus maritimus, was immediately eradicated, while 
the dense and high structure of Phragmites australis facilitated its own persistence by 
limiting grazer access. Sediment accretion (~1 cm y-1) during herbivore exclusion further 
amplified this herbivore-inhibiting feedback, because greylag geese primarily rely on 
waterlogged conditions for grubbing.  
4. Synthesis and applications: Our results indicate that temporary reductions in herbivore 
numbers may induce persistent unfavourable changes in the spatial structure of a high-
productivity system. It is therefore important to first assess whether vegetation changes 
are naturally reversible or persistent. If state shifts are indeed persistent, sufficiently high 
grazer densities must be maintained to warrant the favourable heterogeneous system. If 
changes in vegetation structure negatively impact grazer densities, active management 
such as sod cutting or mowing may be required to restore ecosystem structure and 
functions. 
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Introduction
High spatial heterogeneity is often desired by ecosystem managers as it typically stimulates 
ecosystem-level productivity, biodiversity and resilience (van Nes and Scheffer, 2005, 
Pringle et al., 2010, Stein et al., 2014). Such patchiness, in the form of alternating bare 
and vegetated patches, or patches of multiple species, can result from underlying abiotic 
heterogeneity, but can also arise in rather homogenous abiotic environments due to 
ecological interactions (Rietkerk et al., 2004, Sheffer et al., 2013). Top-down (e.g., plant-
herbivore) interactions have been found to independently, or in synergism with bottom-
up (e.g., plant-soil) interactions, control the spatial structure and functioning of many 
terrestrial, freshwater and marine ecosystems (Kerbes et al., 1990, van de Koppel et al., 
1997, Olff et al., 1999, Adler et al., 2001, Cromsigt and Olff, 2008, van der Heide et 
al., 2012, Bakker et al., 2016). However, when these interactions are self-promoting, for 
instance by stimulating vegetation growth in vegetated patches and inhibiting vegetation 
development in bare patches, they may theoretically lead to non-linear ecosystem dynamics 
and even multiple stable states if such feedbacks are strong enough (van de Koppel et al., 
1997, Rietkerk and van de Koppel, 1997, Scheffer et al., 2001). In such cases, structural 
changes in vegetation patchiness as a result of herbivore fluctuations may persist and 
management strategies aimed at restoring original herbivore numbers may be insufficient 
(Peterson, 2002, Abraham et al., 2005, Jefferies et al., 2006).
In harsh environments, such as arid ecosystems or artic salt marshes – where plant growth is 
limited and overall ecosystem productivity is low – overgrazing has been shown to decrease 
the number of vegetated patches and provoke desertification (Rietkerk and van de Koppel, 
1997, Jefferies, 1988, Kéfi et al., 2007). In these low-productivity systems, grazing can 
interact with plant-soil feedbacks in which vegetation patches facilitate themselves by 
preventing soil erosion and retaining water to stimulate plant growth (HilleRisLambers et 
al., 2001). By removing vegetation biomass to levels below the critical threshold at which 
the patches can sustain themselves, grazing may disrupt these self-maintaining feedbacks 
and further reduce plant growth, resulting in more bare soil. The unfavourable edaphic 
conditions of the bare state – e.g., high soil salinities and low moisture content – inhibit 
vegetation re-establishment and the bare state may persist for decades (Srivastava and 
Jefferies, 1996, Rietkerk et al., 2002, Jefferies et al., 2006). In contrast, in more benign 
environmental conditions, where overall ecosystem productivity is high, grazing may 
induce spatial patterning when it interacts with self-reinforcing feedbacks in which plant 
species hamper grazer access by modifying the abiotic environment. An intertidal seagrass 
landscape of alternating hummocks and hollows, for instance, has been shown to be 
maintained by geese that selectively graze on young, sparse vegetation in the hollows, 
while dense vegetation traps sediment to form hummocks that reduce grazer access (van 
der Heide et al., 2012). 
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Although multiple studies highlighted that an increase in grazing may induce persistent 
vegetation collapse in feedback-driven, harsh and low-productivity systems, it remains 
unclear whether grazer fluctuations may cause persistent vegetation changes in feedback-
mediated, high-productivity systems. Yet, if vegetation changes feed back on grazing 
pressure by hampering grazer access or by reducing herbivore numbers, theory suggests 
that the ecosystem may change permanently following a temporary change in grazing 
pressure (Peterson, 2002, Allen et al., 2016, Johnstone et al., 2016). If this is indeed true, it 
is of utmost importance to know whether such feedbacks exist in the system, whether they 
are important drivers of vegetation structure, and whether they are strong enough to cause 
persistent, non-desired changes if not properly managed.
Here, we examine (1) the role of herbivory by greylag geese (Anser anser) in maintaining 
a spatial mosaic of common reed (Phragmites australis) and bare patches in a high-
productivity brackish wetland, and (2) the persistence of changes due to herbivore exclusion 
after grazing pressure has been restored. Similar to lesser snow geese (Chen caerulescens 
caerulescens) along the US Atlantic coast, greylag geese along the European Atlantic coast 
have dramatically increased and moved up the latitudinal range, negatively impacting 
agricultural lands, and pressurizing conservation of important wetlands (Ostendorp, 1989, 
Esselink et al., 1997, Gauthier et al., 2005, Abraham et al., 2005, Klok et al., 2010, Bakker 
et al., 2016, Fox and Madsen, 2017).  We hypothesize that in reed-dominated brackish 
marshes, self-facilitation by reed and grazing by geese create opposing feedbacks to form 
a patchy, heterogeneous landscape in which reed-dominated, and grazed, bare, roosting 
areas co-occur. By grazing on young emerging shoots and by grubbing on belowground 
storage organs in waterlogged soils, geese hamper vegetation expansion (Esselink et al., 
1997, Van den Wyngaert et al., 2003). Conversely, the dense vegetation structure of 
Phragmites may limit grazer access. Furthermore, organic matter accumulation may further 
stimulate this grazer-inhibiting effect by raising the marsh surface above the water table, 
thereby preventing future grubbing (Esselink et al., 1997, Rooth et al., 2003, Elschot et al., 
2017). As a consequence, we suggest that in these highly productive marshes, temporary 
herbivore absence could lead to unfavourable persistent shifts in the spatial structures of 
the landscape as it would allow reed to rapidly expand and exclude future geese foraging 
required to maintain the bare roosting areas (see Supplementary Figure 5.1 for a graphical 
representation of our hypothesis).
To test our hypothesis, we conducted a field experiment in which we studied the vegetation 
development and resulting sediment accretion in plots that either allowed or excluded 
herbivores for two consecutive years. Next, to assess the persistence of the vegetation 
changes in the system due to herbivore exclusion we reintroduced herbivores after two 
years and studied the resulting development. We demonstrate that a temporary reduction 
A Feast for Geese  |  95
5
of herbivory may provoke long-lasting changes, as it allows the vegetation to exert self-
reinforcing feedbacks that exclude herbivores.
Materials and Methods
Study site description
The experiment was carried out in a ~120 ha brackish back-barrier marsh on the Wadden 
Sea island of Schiermonnikoog, the Netherlands (53°29’51”N, 6°13’10. 6”E). After the 
construction of a sand-drift dike in the late 1950s, the area was protected from the North 
Sea, which accelerated vegetation development. Heavy storms in the beginning of the 
1970s, however, created a large 200-m gap in the man-made dike, which is still present. 
Only during storms surges that rise beyond 2.80 m above mean water level (MWL) does 
seawater enter the area through this gap (on average once per two years) (Dillingh, 2013). 
Any incoming seawater is prevented from flowing back to the sea, because the elevation 
of the marsh is relatively low in relation to the 2.80 m MWL threshold at the entrance. As 
a result, both the water table and salinity levels fluctuate strongly throughout the year (Olff 
et al., 1993) (Supplementary Figure 5.2c).
The above-mentioned artificial stabilization caused a rapid transition of the system from 
a low-productivity beach plain to a high-productivity brackish marsh, as also reflected in 
porewater nutrient levels (Supplementary Figure 5.2a,b). The transition from a beach plain 
to a brackish marsh coincided with the arrival of high numbers (700-900) of greylag geese 
(Anser anser) to the island in the early 1990s that used the brackish marsh as a staging area 
(Bakker et al., 1999). At present, the marsh consists of a patchy mosaic formed by dense 
vegetation stands dominated by reed, alternated with open gaps (patch cross-sections ~10 
to 100 m). As a consequence, the marsh now functions as a vital roosting, foraging and 
breeding area for many species of waterbird, including spoonbills, little egrets, mallards, 
tufted ducks, common shellducks, common eiders and greylag geese (Mooser and van 
Loon, 2017, personal camera observations). This makes the heterogeneous structure of 
the marsh an important management target. Since the early 2000s greylag geese have 
started to use the area as a breeding ground with their numbers still expanding (± 3.3 
individuals/100 ha in 2013 to 10.22 individuals/100 ha in 2017) (Kleefstra, 2017).
Experimental setup
To test our hypothesis that geese grazing controls reed expansion, we first set up 18-m2 
rectangular (6x3m) control (C) and exclosure (X) plots over the patch borders such that 
they covered: bare area (from 0-2 m), sparse vegetation (2-3 m) and the fully vegetated 
Phragmites-dominated part of the plot (3-6 m) (see Supplementary Figure 5.3 for an aerial 
photograph of the experimental setup). Next, to test the hypothesis that dense reed stands 
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can prevent grazer access, yielding lasting changes in vegetation patchiness, we removed 
the exclosures again after 2 years.
In total, six exclosures and control plots were constructed on the marsh in October 2014. 
At the start of the experiment (December 2014) the Phragmites edge was at the middle of 
the plot at 3.0 ± 0.2 m with no significant difference between treatment level (t8,8 = 1.1; 
p=0.29; Supplementary Figure 5.4). We constructed the exclosures by attaching 60 cm 
tall 5-cm mesh on the side poles of the plots, and wire on top of the exclosures prevented 
the geese from flying in. The exclosures were taken down in October 2016 and thereafter 
monitored throughout one more year to evaluate the effect of reintroduction of geese 
foraging.
Vegetation biomass and herbivore pressure
The vegetation biomass and composition of each plot was measured each year at the end 
of the growing season (September 2015, August 2016, 2017) at 0.5 m intervals along the 
gradient from bare to dense vegetation (see Supplementary Figure 5.3 for detailed pictures 
on plot position and gradient). Using quadrats (15 cm x 15 cm) we estimated standing 
biomass on each point along the plot gradient (from 0.5 to 6 m, yielding 12 sampling 
points per plot) using a non-destructive method by counting and measuring the height of 
all Phragmites and Bolboschoenus individuals within the quadrat (Catchpole and Wheeler, 
1992, Thursby et al., 2002). The dry weight of both species was calculated using species-
specific calibration curves, that were made by harvesting shoots of differing heights and 
weighing them after drying at 60°C to constant weight (N= 69; R2 = 0.93; for Phragmites 
and N=36; R2 = 0.94 for Bolboschoenus (Supplementary Figure 5.5)). 
We used footage recorded by a camera trap (Reconyx XR6) installed on a fixed position 
in front of one of the control plots to have an indication of the numbers of greylag geese 
foraging in our experimental control plots (from May 2015 until May 2016). From the 
camera footage seven randomly chosen days per month (e.g. the 1th, 5th, 10th, 15th, 20th, 
25th and the 30th of each month) were analysed to assess the average number of greylag 
geese day-1 visiting the plot. 
Surface elevation and soil properties
To evaluate the effect of standing biomass on marsh accretion, we measured the surface 
elevation of each plot at the start of the experiment (year 1: December 2014), after the 
exclosure period (year 2: October 2016) and one year after the exclosures had been removed 
(year 3: October 2017). Surface elevation was measured over the same plot gradient as 
vegetation biomass. Starting at 0.5 m from the first plot pole, we measured the elevation at 
0.5-m intervals until the final plot pole at 6 m, using an optical levelling instrument (Spectra 
Precision® Laser LL500 and Spectra Precision® Laser HL700 laser receiver by Trimble) with 
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an accuracy of <0.5 cm, calibrated to a fixed point of which the height was determined 
using RTK-GPS (Real Time Kinematic Global Positioning System, Topcon GRS-1 RTK rover). 
Data analyses
The effect of herbivore exclusion on vegetation biomass and surface elevation was analysed 
over the plot gradient as this enabled us to analyse the marsh expansion over time. To test 
for statistical differences in vegetation development and the associated surface elevation 
between exclosure treatment levels (control (C) vs. exclosure (X)), we compared the fit 
of a single regression on the combined data of both exclosure treatments with separate 
regressions per treatment level. Specifically, we followed the following procedure: we first 
tested whether the response variable (biomass or surface elevation) was best described 
by a linear or a nonlinear regression over the plot gradient based on Akaike’s Information 
Criterion (AIC). Next, if both treatment levels were best described by a nonlinear function, 
we compared the AIC value of a single global regression with two separate nonlinear 
regressions. If, however, both treatments levels were best described by a linear function, 
we tested whether the slope and intercept were significantly different using a two-tailed 
F-test. Finally, if one treatment was best described by a nonlinear function, whereas the 
other was best described by a linear function, we performed a linear regression on both 
treatment levels and tested whether slope and intercept were significantly differently using 
a two-tailed F-test.
For the non-linear regression used in our statistical analyses we fitted a four-parameter 
sigmoid Hill function that allows for extrapolating ecologically relevant parameter values 
such as the maximum biomass and the spatial extent of the vegetation:
   y(x) = ymin 
ymax –ymin
+
1+10 (logk–logxH )  (1)
with y(x) being the standing biomass or surface elevation at a certain point  along the plot 
gradient. Maximum and minimum values are represented by ymax and ymin, respectively, and 
indicates the point x where the S curve is halfway between ymax and ymin. Finally,  represents 
the Hillslope, i.e. the steepness of the curve. Parameter values were estimated numerically by 
minimizing the sum-of-squares over 1000 iterations, with ymin and ymax constrained between 
lowest and highest value of the dataset, and  constrained to the extent of our plot (0-6 m). 
Statistical differences between two nonlinear functions were reported as differences in AIC 
value (dAIC) between a global, single regression versus different regressions per treatment 
level. For the linear functions, we report the F-value with the regression degrees of freedom 
and residual degrees of freedom in subscript. All data analyses were performed using the 
software programs R (version 3.4.0, R Development Core Team, 2017) and Graphpad Prism 
6 (Graphpad software, San Diego, CA, USA).  
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Results
Herbivory effect on standing biomass
Camera trap observations revealed the highest number of greylag geese visiting 
the experimental plots (~ 3 geese day-1) during the breeding season (March-June) 
(Supplementary Figure 5.6). After the first growing season, the vegetation development 
over the plot gradient in both the exclosures and the control plots was best described by 
nonlinear functions (Supplementary Table 5.2). However, the two treatment levels differed 
(dAIC = 36.72) with a higher standing biomass in the exclosure plots compared to the 
controls. This biomass enhancement in the exclosures was primarily the result of an increase 
Figure 5.1 | Average standing total biomass (a,b,c) and standing Phragmites biomass (d,e,f) in grazed 
(control (C); red lines) and ungrazed (exclosure (X); blue dashed lines) plots (N=6) over the plot gradient 
from bare (0.5 m) to dense vegetation (6 m) after each growing season (See Fig. S5.3 for visual plot 
description). Year 1 and 2 (grey filled plots: a,b & d,e) depict the exclosure period, in the third year of 
the experiment (white filled plots: c & f), the exclosures were removed. The green dashed vertical line 
indicates the position of the reed edge (mean ± SE) at the start of the experiment (December 2014) (see 
Fig. S5.4 for analyses on the Phragmites edge over consecutive years). Red and blue lines represent the 
linear and non-linear regressions and 95% confidence bands (see table S5.2 for the parameter values). 
Points represent the mean ± SE. 
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of Phragmites biomass in the standing vegetation (ymax total: 2152 g m
-2; ymax Phragmites: 
1668 g m-2 (X) vs. ymax total: 1261 g m
-2; ymax Phragmites: 975 g m
-2 (C); Figures 5.1a,b). After 
the second growing season, total standing vegetation biomass in the former bare areas (~0-
3 m) was strongly enhanced in exclosures compared to the control plots (Figure 5.1b). This 
caused the previous sigmoid response of total standing biomass over the plot gradient to be 
replaced by a linear response with a high offset and a weak slope (Supplementary Table 5.2). 
Figure 5.2 | Average surface elevation (cm above mean water level (MWL)) in grazed (control) and 
ungrazed (exclosure) plots over de gradient from bare (0.5 m) to dense vegetation (6 m) after each 
growing season. Year 0 and 2 (a & b) depict the exclosures period, in the third year of the experiment 
(c), the exclosures were removed. Lines represent the linear regressions and 95% confidence bands (see 
table S5.2 for the parameter values). Error bars represent ± SE.
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In fact, the fitted equation (slope: 28 g m-2 m-1) did not significantly diverge from a flat line 
at 2308 g m-2 (F1,70=1.8; p=0.668). Phragmites development in the exclosures continued to 
differ significantly from the control plots (dAIC: 67.48). However, the much higher biomass 
at the lower end of our exclosure plots (~0-2 m of the plot gradient) compared to controls 
was caused by a seven-fold higher Bolboschoenus biomass in this section (mean: 1695 g 
m-2 (X) vs. 230 g m-2 (C); Supplementary Figure 5.7b). 
After the exclosures had been removed, vegetation response over the plot gradient in the 
exclosures was best described by a four-parameter Hill equation, whereas the vegetation 
response of the controls was now better described by a linear function (table S5.2, Figure 
5.1c). By fitting a linear function to both treatment levels (C vs. X), we found the vegetation 
biomass to remain higher over the full plot gradient in the former exclosures than in the 
control plots, but to show no significant differences in relative response over the plot 
gradient (mean slope: 231 g m-2 m-1 (X & C); F1,140 = 1.96; p=0.164; intercept: 370 g m
-2 (X) 
vs. -448 g m-2 (C); F1,141 = 24.25; p<0.001). Furthermore, we found the effect of herbivore 
reintroduction in the exclosures to be far larger on Bolboschoenus than on Phragmites, as 
the biomass response of Phragmites in the third year was not significantly different from the 
Phragmites biomass in the exclosure plots in the second year (dAIC: -4.15; Figures 5.1e,f; 
Supplementary Table 5.2). One year after the exclosures had been removed, the expansion 
of Phragmites into the bare areas was halted, but it did also not retreat back to its former 
extent as indicated by the k exponent (k: 1.92 m (Xyear 2) vs. 1.83 m (Xyear 3); Figures 5.1e,f 
and Supplementary Figure 5.4 for additional analyses). 
Surface elevation
At the start of the experiment, before the first growing season, surface elevation over the 
plot gradient was best described by a single linear regression to the combined data of both 
treatment levels (dAIC: -3.79; Figure 5.2a). At the end of the exclosure period, however, it 
was better described by separate linear regressions per treatment (dAIC: 9.86; Figure 5.2b). 
Enhanced surface accretion in the exclosure plots was apparent over the full gradient, 
with the slopes of the fitted linear equations not being significantly affected, while the 
intercepts differed per treatment (mean slope: 1.6 cm m-1; F1,140= 0.01; p=0.931; intercept: 
150 cm (X) vs. 148 cm (C); F1,141= 14.61; p<0.001; Figure 5.2b). After the exclosures were 
removed, surface elevation of the exclosure plots remained significantly higher compared 
to the control plots (mean slope: 2.2 cm m-1; F1,140 = 0.001; p=0.992; intercept: 147 cm (X) 
vs. 145 cm (C); F1.141= 7.87; p=0.006, Figure 5.2c). Moreover, the surface elevation response 
of the exclosures did not change after the exclosures were removed (X year 3 vs. X year 
2: mean slope: 1.9 cm m-1, F1,140= 3.39; p=0.07; mean intercept: 150.5 cm, F1,141= 1.42; 
p=0.235; Figures 5.2b,c).
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Discussion
Previous work has shown that grazing may induce state shifts in ecosystem structure and 
functioning, especially when it interacts with growth-inhibiting feedbacks in harsh, low-
productivity environments (van de Koppel et al., 1997, Jefferies et al., 2006). Here, we 
experimentally demonstrate that in high-productivity environments, ecosystem structure 
and functioning is created and maintained by herbivores in interaction with self-reinforcing 
feedbacks of the dominant plant species that inhibit grazing at high standing biomass. 
Specifically, we found that in the absence of grazing, vegetation rapidly colonized the bare 
area of the marsh that functions as a roosting site for many waterbird species including 
greylag geese (Bakker et al., 1999) (Figures 5.1a,b). Next, following herbivore reintroduction, 
we found the two dominant species in our study system to vary greatly in their resilience 
to grazing (Figure 5.1c). Bolboschoenus maritimus, first colonized the bare areas, but was 
immediately removed once the geese were reintroduced. The dominant species of our study 
system, Phragmites australis, on the other hand, more gradually expanded into the bare 
area during the exclosure period to form dense stands and did not show any sign of retreat 
upon geese reintroduction (Figure 5.1f, Supplementary Figure 5.4). Given our observation 
that the geese do not significantly graze on dense, over one-year-old reed stands in both 
exclosure and control plots, our findings suggest that the observed expansion is rather 
persistent in nature. Earlier model simulations on low-productivity systems suggest that 
overgrazing can induce state shifts in ecosystem structure that are notoriously difficult to 
reverse (Box 5.1a,b). By contrast, our experimental results imply that in high-productivity 
ecosystems dominated by vegetation that exerts grazing-inhibiting feedbacks, continuous 
grazing is required to maintain ecosystem heterogeneity (Box 5.1c,d). Consequently, 
temporary herbivore reductions may induce a state shift to a homogeneous fully vegetated 
state that prevents future grazing. From the management perspective of productive grazed 
ecosystems, it is therefore important to assess whether changes in vegetation structure are 
naturally reversible or persistent, as short-term changes in grazing pressure may have long-
term consequences. Next, if state shifts are indeed persistent, it is vital to maintain grazer 
densities at levels high enough to prevent vegetation encroachment to preserve the desired 
heterogeneous ecosystem state.   
Box 5.1
Spatial heterogeneity in low- and high-productivity grazing systems
We constructed two simple mathematical models to illustrate how the dynamics of two 
contrasting types of heterogeneous grazed ecosystems differ in response to grazing and 
management decisions (for model specifications see Supporting Information). Model I (a,b) 
simulates low-productivity environments (e.g., arid ecosystems, arctic salt marshes) where 
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soil degradation reduces growth (a, green line) at low standing biomass (a, left of P0) (van 
de Koppel et al., 1997). Consequently, vegetation cannot persist when grazing exceeds a 
critical intensity (F1 in b). To preserve heterogeneity, management can either reduce (b, right 
gray square) or increase (b, left gray square) the numbers of grazers depending on initial 
conditions. Model 2 (c,d) symbolizes high-productivity grazed systems (e.g., reed marshes 
and intertidal seagrass meadows) where vegetation inhibits grazing (c, red dashed line) 
at high standing biomass (c, right of P0). As a consequence, herbivores will maintain the 
heterogeneous state by removing all vegetation below the critical biomass threshold (P0 in 
c). However, once established, vegetation persists irrespective of herbivore numbers (note 
the absence of F1 in d). To preserve heterogeneity, management should be aimed at keeping 
herbivore numbers high enough. To restore open areas, measures such as sod cutting (Fig. 
S5.8) or mowing (d, red arrow) will be required to lower vegetation biomass beyond the 
unstable equilibrium (d, dashed black line).
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Species-specific growth strategies determine response to herbivore reappearance 
The global increase in goose populations has exposed natural wetlands worldwide to increased 
grazing intensity (Esselink et al., 1997, Gauthier et al., 2005, van Eerden et al., 2005, Jefferies et 
al., 2006). However, the impact of geese on the spatial structure or vegetation composition of a 
natural wetland may differ depending on locally prevailing conditions. In contrast to the large 
bare areas created by grubbing geese in artic salt marshes that remain empty for years to come 
(McLaren and Jefferies, 2004, Abraham et al., 2005), recolonization of bare patches by 
vegetation was not impeded in our highly productive brackish system. In fact, we found that 
after two years of herbivore exclusion, vegetation biomass in the former bare area was equal to 
the biomass in the already vegetated area (Figure 5.1b). However, vegetation composition was 
dissimilar as Bolboschoenus maritimus rapidly colonized and dominated the former bare areas 
(0-2 m of plot gradient), whereas the dominant species of the standing marsh vegetation, 
Phragmites australis, more gradually expanded its range (Figures 5.2b,e). After exclosure 
removal, the reintroduced geese immediately recreated bare patches at the lower end of the 
plots by grazing on Bolboschoenus (Esselink et al., 1997, Elschot et al., 2017) The slower 
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Species-specific growth strategies determine response to herbivore reappearance
The global increase in goose populations has exposed natural wetlands worldwide to 
increased grazing intensity (Esselink et al., 1997, Gauthier et al., 2005, van Eerden et al., 
2005, Jefferies et al., 2006). However, the impact of geese on the spatial structure or 
vegetation composition of a natural wetland may differ depending on locally prevailing 
conditions. In contrast to the large bare areas created by grubbing geese in artic salt marshes 
that remain empty for years to come (McLaren and Jefferies, 2004, Abraham et al., 2005), 
recolonization of bare patches by vegetation was not impeded in our highly productive 
brackish system. In fact, we found that after two years of herbivore exclusion, vegetation 
biomass in the former bare area was equal to the biomass in the already vegetated area 
(Figure 5.1b). However, vegetation composition was dissimilar as Bolboschoenus maritimus 
rapidly colonized and dominated the former bare areas (0-2 m of plot gradient), whereas 
the dominant species of the standing marsh vegetation, Phragmites australis, more 
gradually expanded its range (Figures 5.2b,e). After exclosure removal, the reintroduced 
geese immediately recreated bare patches at the lower end of the plots by grazing on 
Bolboschoenus (Esselink et al., 1997, Elschot et al., 2017) The slower expanding reed 
vegetation in the middle part of the plots, however, remained stable and showed little 
response to herbivore reintroduction (Figure 5.1f, Supplementary Figure 5.4). Although, 
our experiment only lasted three growing seasons, we observed an overall expansion of 
Phragmites of 1.4 m from the original edge (3 m) (Supplementary Figure 5.4), whereas the 
edges in the control plots showed year-to-year fluctuations but remained relatively stable 
at 3 m. Most likely, the dense and tall Phragmites stands prevent the geese from feeding 
on young emerging shoots in spring (Van den Wyngaert et al., 2003). This self-facilitative 
effect was further stimulated by ~2 cm accretion of the substrate in the former exclosure 
plots over a two-year period (Figure 5.2b), which promotes growth of Phragmites (Elschot 
et al., 2017). Moreover, since geese foraging predominantly occurs under waterlogged 
conditions, surface accretion can greatly hamper the grazing activities by greylag geese 
when it prevents water logging or shortens its duration. 
Ecological functioning of spatially heterogeneous wetlands
Spatial heterogeneity is considered to be important for the functioning of most ecosystems, 
because it can increase ecosystem resilience, enhance primary productivity and promote 
overall biodiversity (Adler et al., 2001, Van de Koppel et al., 2005, Eriksson et al., 2010, 
Hovick et al., 2015). In our system, both waterbirds and vegetation ultimately benefit from 
such a heterogeneous state. The geese, for example, use the bare, wet areas as a roosting 
area and profit from the vegetation to conceal their nests from potential predators, while 
they simultaneously feed on the young colonizing plants at the marsh edges (Kristiansen, 
1998, Boege and Marquis, 2005, Barton and Koricheva, 2010, Elschot et al., 2017). In 
this way, they hamper the further expansion of the marsh’ climax species Phragmites, 
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thereby maintaining the open structure and valuable roosting function of the marsh. This 
in turn, prevents terrestrialization by allowing the transport of accumulated litter during 
storm surges beyond the marsh interior (Hackney and Bishop, 1981). Phragmites generally 
grows at the land-water interface, and as its expansion progresses, the landwards stands 
increasingly accumulate litter which can eventually reduce growth (Clevering, 1997, van 
der Putten et al., 1997, van den Wyngaert et al., 2003). Hence, a heterogeneous landscape 
in which both bare and vegetated areas co-occur likely enhances overall productivity and 
allows the co-existence of multiple ecosystem functions in these reed-dominated brackish 
marshes. 
Management implications
The global goose expansion and their increasing reliance on agricultural resources, and 
wetlands increasingly raises conflict with farmers and nature managers, leading to the 
formulation of management strategies to reduce geese numbers (Ostendorp, 1989, 
Esselink et al., 1997, Abraham et al., 2005, Jefferies et al., 2006, Castelijns and Jacobusse, 
2010, Klok et al., 2010, Bakker et al., 2016, Simonsen et al., 2016, Fox and Madsen, 2017, 
Bauer et al., 2018, Dokter et al., 2018). However, whereas most studies report on negative 
impacts of geese on wetlands, our study highlights that in high-productivity reed marshes, 
geese can positively affect ecosystem functionality (in our case roosting and nesting habitat) 
by maintaining patchiness. Moreover, we experimentally demonstrate that a temporary 
reduction in geese grazing may induce lasting changes in vegetation patchiness that are 
difficult to reverse naturally. Specifically, our findings imply that once open patches become 
fully vegetated, they can become highly resistant to grazing, irrespective of the number 
of geese in the system (Box 5.1b). Hence, even temporal decreases in geese numbers may 
induce a sudden, and potentially persistent expansion of the reed patches, shrinking bare 
areas required for roosting. For ecosystems controlled by such mechanisms, we suggest that 
management strategies may need to actively compensate sudden dips in grazing pressure, 
for instance by mowing or sod cutting (see Supplementary Figure 5.8). 
Overall, our findings suggest that when plant species exclude grazing beyond certain critical 
vegetation thresholds – e.g. density, biomass or age – the long-term spatial structure and 
conservation value of an ecosystem can be significantly altered by herbivore fluctuations. 
In seagrass meadows, habitat heterogeneity may be lowered by temporary herbivore 
absence, because it allows previously grazed seagrass hollows to accumulate sediment, 
thereby excluding future grazers and homogenizing the system (van der Heide et al., 
2012). In wood pastures, on the other hand, temporary herbivore absence can increase 
habitat diversity by allowing establishment of shrubs that are able to persist after herbivore-
reappearance (Smit et al., 2010). Although temporary absence or exclusion of grazers may 
stimulate patchiness when the initial system state is bare or dominated by grazing-tolerant 
vegetation, our findings emphasize the need to timely restore grazing when the goal is to 
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maintain a heterogeneous mosaic. This illustrates that, depending on the initial state, the 
desired management outcome, and the current state of the ecosystem, managers should 
either stimulate or discourage herbivore fluctuations. Finally, our work overall highlights 
that not only direct and immediate effects, but also indirect and long-term consequences 
of herbivore perturbations should be understood for the successful long-term conservation 
of heterogeneous grazed ecosystems. 
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Supplementary Figures and Tables
Supplementary Figure 5.1 | Graphical representation of our hypothesis. The interactive effects of 
geese herbivory (autumn grubbing on belowground storage organs of Bolboschoenus maritimus; spring 
grazing on young emerging Phragmites shoots) and sediment and organic matter (OM) accumulation 
in the dense reed stands will promote a system in which both a low, bare state and a high, vegetated 
state co-occur. Some of the symbols used in this figure were provided with the courtesy of Tracey Saxby, 
IAN image Library (ian.umces.edu/imagelibrary/).
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Supplementary Figure 5.2 | Porewater concentrations of a) NH4
+, b) PO4
3- and c) porewater salinity 
levels over the three year time period. Error bars represent ± SE.
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Ammonium	porewater	(μmol	L-1)	 Phosphate	porewater	(μmol	L-1)	
	
Salinity	porewater	(psu)	
	
Eﬀect	 Df	 F	 P	 Df	 F	 P	 Df	 F	 P	
Treatment	 1	 5.63	 0.018	 1	 6.92	 0.009	 1	 0.02	 0.884	
Posi7on	 2	 17.60	 <0.001	 2	 10.53	 <0.001	 2	 5.59	 0.004	
Time	 13	 19.5	 <0.001	 13	 34.17	 <0.001	 13	 181.65	 <0.001	
Treatment*Posi7on	 2	 2.99	 0.051	 2	 0.11	 0.898	 2	 0.17	 0.847	
Treatment*Time	 13	 1.74	 0.050	 13	 0.98	 0.471	 13	 1.106	 0.352	
Posi7on*Time	 26	 3.70	 <0.001	 26	 5.03	 <0.001	 26	 4.23	 <0.001	
Treatment*Posi7on*Time	 26	 1.62	 0.029	 26	 1.06	 0.393	 26	 0.61	 0.933	
Supplementary Table 5.1 | Statistical outcome of three-way ANOVAs on the soil properties presented 
in Supplementary Figure 5.2.
Supplementary Figure 5.3 | Aerial photograph after the second year of the experiment (July 2016) 
showing the position of the experimental plots (red and blue rectangles indicate exclosure and control 
plots, respectively). All plots were set up over the marsh gradient, so a part of the plot was mostly bare 
(~0-2 m), about a meter of the plot was sparsely vegetated (~2-3 m) and the other half of the plot (3-
6m) covered the fully vegetated area. All biomass and surface elevation measurements were performed 
along the plot gradient from 0 to 6 m on a 0.5 m interval. 
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Supplementary Figure 5.4 | The mean position of the Phragmites edge on the plot gradient (see 
Supplementary Figure 5.3) per exclosure treatment (exclosure vs. control) per year (Year 0 indicates 
the start of the experiment, year 1 and 2 the exclosure period and during year 3 the exclosures were 
removed). Statistical differences in extent of Phragmites edge per treatment level were tested using 
two sample t-tests. Bars and error bars represent mean + SE. **  indicates contrasts with a p-value 
smaller than 0.01.
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Supplementary Figure 5.5 | Calibration curves to calculate the biomass (in g dryweight) using the 
length of a) Phragmites (N= 69) and b) Bolboschoenus plants (N= 36). 
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Supplementary Figure 5.6 | a) Daily number of greylag geese (mean+SE) visiting the plots per month 
in the period 2015-2016. b) and c) show geese foraging on the experimental plots during spring and 
autumn, respectively.
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Supplementary Table 5.2 | Comparing model fits for linear and non-linear (Hill-equation) regressions 
of the response variables used in Figures 5.1 & 5.2. Model selection was done based on the AIC value.
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Supplementary Table 5.2: Comparing model fits for linear and non-linear (Hill-equation) 
regressions of the response variables used in Figures 5.1 & 5.2. Model selection was done based on the 
AIC value. 
  
Total	vegeta*on	biomass	
Year	 T	 Best	ﬁt	 Max	
(g)	
Min	
(g)	
k		
(m)	
Slope	
(g	m-1)	
Intercept	
(g)	
dif	AIC	
(RaAo	prob)	
1	 X	 Hill	 2152	±	134	 445	±	220	 2.02	±	0.19	 8.5	±	6.3	 14.17	(99.9%)	
1		 C	 Hill	 1261	±	105	 160	±	151	 2.15	±	0.26	 5.8	±	3.6	 6.74	(96.7%)	
2	 X	 linear	 28.2	±	65.6	 2308	±	241	 Hill	not	converged	
2	 C	 Hill	 1819	±	132	 246	±	134	 2.89	±	0.19	 8.7	±	4.4	 9.87	(99.3%)	
3	 X	 Hill	 1677	±	119	 420	±	240	 1.62	±	0.22		 7.9	±	7.5	 10.79	(99.6%)	
3	 C	 Line	 281	±	42	 -138	±	24	 -1.17	(64.2%)	
Total	Phragmites	biomass	
1	 X	 Hill	 1568	±	105	 73	±	146	 2.34	±	0.17	 8.4	±	4.3	
	
16.93	(99.9%)	
1	 C	 Hill	 975	±	61.3	 59	±	87	 2.36	±	0.16	 10.4	±	5.9		 18.42	(99.9%)	
2	 X	 Hill	 1564	±	123	 414	±	225	 1.92	±	0.25	 11.7	±	18.9	 6.90	(96.9%)	
2	 C	 Hill	 1153	±	114	 15	±	89	 3.13	±	0.22	 7.1	±	3.3	 5.37	(93.6%)	
3	 X	 Hill	 1285	±	109	 135	±	208	 1.83	±	0.25	 8.6	±	7.6	 9.93	(99.3%)	
3	 C	 Hill	 791	±	74	 24	±	73	 2.98	±	0.21	 9.7	±	5.9		 1.7	(70.1%)	
Surface	eleva*on	
	
1	 X	 Line	 1.6	±	0.2	
cm	m-1	
149.2	±	0.7	
cm	
-1.1	(63.8%)	
1	 C	 Line	 1.7	±	0.2	
cm	m-1	
148.5	±	0.9	
cm	
-0.35	(54.4%)	
2	 X	 Line	 1.6	±	0.2	
cm	m-1	
151.9	±	0.8	
cm	
-4.97	(92.3%)	
2	 C	 Line	 1.5	±	0.2	
cm	m-1	
149.9	±	0.8	
cm	
-3.71	(86.5%)	
3	 X	 Line	 2.2	±	0.2	
cm	m-1	
149.2	±	0.9	
cm	
-2.76	(79.9%)	
3	 C	 Line	 2.2	±	0.3	
cm	m-1	
147.4	±	1.1	
cm	
-4.29	(89.6%)	
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Supplementary Figure 5.7 | Average standing standing Bolboschoenus biomass (a,b,c) in grazed 
(control (C); filled squares and red lines) and ungrazed (exclosure (X); open circles and blue dashed 
lines) plots (N=6) over the plot gradient from bare (0.5 m) to dense vegetation (6 m) after each growing 
season. a,b) indicate the exlosure period: year 1 and 2 respectively and c) depicts the year after the 
exclosures were removed (year 3). Lines represent the linear and non-linear regressions and 95% 
confidence bands Points represent the mean ± SE.
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Supplementary Figure 5.8 | Photographs showing the effectiveness of sod-cutting as a potential 
restoration measure. The 24 m2 area of reed marsh that was removed in March 2015 (a) remained bare 
over at least a two-year period (b). 
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Supporting Information Methods
Grazed ecosystems
The dynamics of grazed ecosystems can be explored by the use of simple numerical models 
with the same general structure (Noy-Meir, 1975, van de Koppel et al., 1997). The rate of 
change of vegetation standing biomass N is represented by the differential equation: 
   dN = G (N) – C(N,H)dt  (1) 
in which G(N) represents plant growth as a function of vegetation biomass and C(N,H) is 
the vegetation loss rate as a result of herbivore (H) consumption. In an ecosystem without 
growth- or consumption-inhibiting feedbacks, vegetation growth will follow a logistic 
function with f (N) = 1 and consumption will be proportional to vegetation biomass (c (N) 
= cN). 
    dN = r (1– N) N f(N) – c(N)
dt K
 (2)
with r being the intrinsic growth rate and K the carrying capacity. 
In harsh and low-productivity environments, however, vegetation growth is limited at low 
standing biomass due to soil degradation, whereas consumption remains proportional to 
vegetation biomass.
 
    dN = r (1– N) N N + wa– cNdt K N + a  (3)
with a being the rate of water infiltration due to standing vegetation biomass, w the 
fraction of rainfall that infiltrates into bare soils and c is the consumption constant (see 
table S5.3 for parameter settings).
In high-productivity environments, however, plant growth is not limited at low standing 
biomass and follows a logistic equation whereas consumption is inhibited at high standing 
biomass due to limited access or low palatability (van der Wal et al., 1998). 
            
dN = r .N (1– N) – c     N      e–bN
dt K (N + a)   (4)
with c, a and b being non-mechanistic parameters that define the shape of the consumption 
function (see table S5.3 for parameter settings).
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Table S5.3 | Variables and default parameter settings for the grazing models 
Default Description
variables
N - vegetation biomass
H - number of herbivores
parameters low-productivity
r 0.2 intrinsic growth rate
c 0.054 consumption constant
K 1 carrying capacity
a 0.5 half rate constant for soil degradation
w 0.05 factor that determines soil degradation effect
parameters high-productivity
r 0.2 intrinsic growth rate
c 0.15 consumption constant
K 1 carrying capacity
a 0.1 factor determining increase consumption at low 
biomass
b 5 factor determining decrease of consumption at high 
biomass
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Box 5.2
Grazing effects on spatial heterogeneity of a later successional salt marsh
Introduction and methods
Spatial heterogeneity can enhance overall biodiversity by increasing the number of niches, 
thereby accommodating a richer plant diversity, which may stimulate other trophic levels 
including herbivores (Peh and Lewis, 2012, Stein et al., 2014, Elschot, 2015). In turn, grazing 
can promote the spatial heterogeneity of a system by preferential grazing on high quality 
plant species or by interacting with self-facilitating feedbacks of habitat-modifying species 
(Adler et al., 2001, van der Heide et al., 2012, Cromsigt and Olff, 2008). In chapter 5 we have 
demonstrated the ecosystem-structuring role of Greylag Geese (Anser anser) in the artificially 
stabilized reed marsh behind the sand drift dike. Simultaneously, we set-up an exclosure 
experiment in the natural salt marsh at the eastern more dynamic side of the island tail 
(53°29’51.39”N; 6°16’6.27”E). Seven replicates of 16 m2 plots were enclosed by 60 cm tall 
5 cm mesh wire and seven paired control plots were constructed the same way without the 
addition of mesh wire. Biomass samples were collected by clipping aboveground biomass 
of two quadrants (15 x 15 cm) per elevation level (high vs. low) at the end of the growing 
season (September 2016 (year 2) and 2017 (year 3), respectively) for each experimental plot. 
Samples were dried to constant weight at 70°C and subsequently weighed. Marsh elevation 
was measured on a 50 by 50 cm interval per plot by tying a labelled string to fixed wooden 
Figure 5.2.1 | aerial photograph showing the topographic heterogeneity, consisting of elevated 
hummocks (green) alternated with lower elevated (brown) depressions, of the salt marsh and the 
effect of herbivore exclusion on plant growth. In between the two left wooden beams is a control 
plot (C) and on the right side an exclosure plot (X) is visible. 
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beams at either plot end and measuring the elevation at every labelled point using an optical 
levelling instrument (Spectra Precision® Laser LL500 and Spectra Precision® Laser HL700 laser 
receiver by Trimble) with an accuracy of ~0.5 cm and calibrated to a fixed point of which the 
surface elevation with respect to MWL was measured using a RTK-GPS  (Real Time Kinematic 
Global Positioning System, Topcon GRS-1 RTK rover). 
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Figure 5.2.2 | Response of salt marsh vegetation composition (a) and elevation (b) after two-year 
exclusion of herbivores (year 2) and after one consecutive growing season after exlosures were 
removed (year 3). The grey bars indicate the response on hummocks (H, high elevated areas) and 
the white bars indicate the response in depression (L, low lying areas). The patterned bars at the 
right side of the graphs represent the exclosure plots (X; N=7) and the open bars on the left side 
represent control plots (C; N=7). Error bars indicate + SE.  
Results and discussion 
In contrast to the reed marsh behind the sand-drift dike, where herbivore exclusion induced 
persistent changes in the composition and spatial structure of the marsh (Chapter 5), here 
we found the later successional salt marsh to rapidly recover from herbivore release. During 
the exclosure period, we witnessed an overall two-fold increase of biomass in the exclosed 
plots compared to the controls (~400 g  (C) vs. ~800 g. (X), F1,24 =  45.02; p<0.001; Figure 
5.2.2a). This biomass enhancement did not promote marsh accretion (control plots: 154 (L) 
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and 161 cm (H) vs. exclosures:  154 (L) and 159 cm (X high); F1, 18 =0.94; p = 0.346; Figure 
5.2.2b). After the exclosures were removed, there were no differences in biomass between 
the former exclosed and control plots (F1,18 = 0.146; p=0.707; Figure 5.2.2a) or in elevation 
(F1,18 = 0.002; p=0.961; Figure 5.2.2b). The observed spatial heterogeneity in the marsh likely 
results from topographic differences that are formed during the pioneer stages of the marsh 
(Elschot, 2015). Excluding herbivores promoted vegetation growth in the depressions, but this 
two-year biomass increase was likely too short to promote marsh accretion in this infrequently 
flooded late successional marsh through enhanced sediment deposition (Mudd et al., 2010). 
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Abstract  
Coastal exploitation and human-mediated modifications have markedly altered the 
community composition and functioning of coastal wetlands worldwide. Although recent 
work has shown that harnessing positive density-dependent feedbacks can greatly enhance 
the recovery of habitat-modifying species in degraded wetlands, the role of these intraspecific 
feedbacks in explaining the persistence of altered, unfavorable plant communities remains 
largely unexplored. Here, we experimentally tested whether intraspecific facilitation may 
explain the persistence of common reed (Phragmites australis) in human-modified coastal 
wetlands. We performed a full-factorial mesocosm experiment crossing low-density pioneer 
versus high-density established development stages with saline (20 psu) versus freshwater 
conditions. Results show a clear shift in plant growth response from intra-specific competition 
under freshwater conditions to self-facilitation in saline treatments. We identified two 
positive feedback mechanisms enabling the established treatment to overcome salinity 
stress: (I) enhanced root oxygenation of the sediment at higher plant density decreased 
accumulation and intrusion of phytotoxic sulphide, and (II) density-dependent rainwater 
infiltration into the soil lowered salinity in the dense root mat, preventing salt stress. Our 
study demonstrates that intraspecific facilitation can be an important factor in explaining 
the persistence of Phragmites australis in coastal wetlands. We emphasize the importance 
of integrating positive interactions in coastal restoration, but argue that they should either 
be harnessed or broken depending on the context.
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Introduction
Coastal wetlands provide numerous vital ecosystem services, including coastal flood 
protection, carbon storage, water purification and the provision of staging, nesting or 
nursery habitat for waterbirds and fish species (Beck et al., 2001, Zedler and Kercher, 
2005, Ma et al., 2010, Barbier et al., 2011, Hopkinson et al., 2012, Costanza et al., 2014). 
However, these valuable ecosystems have degraded extensively over the last centuries and 
are still declining at alarming rates – with over 60% lost in the last century - primarily as a 
result of human activities such as wetland exploitation and conversion to agricultural land 
(Bertness et al., 2002, Lotze et al., 2006, Gedan et al., 2009, Silliman et al., 2012, Davidson, 
2014, Sheaves et al., 2014, Dixon et al., 2016). For example, human manipulation of 
natural hydrodynamic processes, through the construction of dikes or dams, has altered 
plant community composition by reducing the influence of seawater and preventing 
the storm-mediated transport of organic material (Gedan et al., 2009). Shifts in habitat-
modifying species abundance can have far-reaching ecological and economic effects when 
they affect natural ecosystem processes such as surface accretion, carbon storage or food 
web structure (Kirwan and Megonigal, 2013, Osland et al., 2014, Park et al., 2017).
Coastal wetlands provide numerous vital ecosystem services, including coastal flood 
protection, carbon storage, water purification and the provision of staging, nesting or 
nursery habitat for waterbirds and fish species (Beck et al., 2001, Zedler and Kercher, 
2005, Ma et al., 2010, Barbier et al., 2011, Hopkinson et al., 2012, Costanza et al., 2014). 
However, these valuable ecosystems have degraded extensively over the last centuries and 
are still declining at alarming rates – with over 60% lost in the last century - primarily as a 
result of human activities such as wetland exploitation and conversion to agricultural land 
(Bertness et al., 2002, Lotze et al., 2006, Gedan et al., 2009, Silliman et al., 2012, Sheaves et 
al., 2014, Davidson, 2014, Dixon et al., 2016). For example, human manipulation of natural 
hydrodynamic processes, through the construction of dikes or dams, has altered plant 
community composition by reducing the influence of seawater and preventing the storm-
mediated transport of organic material (Gedan et al., 2009). Shifts in habitat-modifying (i.e. 
ecosystem engineering) species abundance can have far-reaching ecological and economic 
effects when they affect natural ecosystem processes such as surface accretion, carbon 
storage or food web structure (Kirwan and Megonigal, 2013, Osland et al., 2014, Park et 
al., 2017).
Although it is now increasingly acknowledged that the loss of natural coastal wetlands 
should be reversed, restoration of degraded wetlands has been proven to be notoriously 
difficult. Despite the $1,040,000 (2010 USD) per hectare investment, ~40% of restoration 
attempts do not result in successful rehabilitation of target species (Bayraktarov et al., 
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2016). An important underlying reason for this low investment-success ratio is the tight 
coupling between habitat-forming species and their physical environment, in which a 
higher density of habitat modifiers improves environmental conditions accordingly (i.e. 
intraspecific facilitation) (Suding et al., 2004, Silliman et al., 2015). In degraded and barren 
wetlands, the harsh environmental conditions – e.g. high soil salinity/ sulphide levels and 
wave exposure – inhibit vegetation re-establishment and restoration is rarely successful 
(Howes et al., 1986, Bouma et al., 2009). Recent work has shown that restoration success 
in unvegetated wetlands can be significantly increased by adopting planting designs that 
are aimed at maximizing positive interactions – by clumping plants in dense aggregations 
– rather than spacing them out to minimize potential negative interactions (Silliman et al., 
2015). However, to what extent intraspecific facilitation increases the persistence of altered 
plant communities in human-modified wetlands remains largely unexplored. Yet, if the 
altered plant community can increase its environmental tolerance range by modifying its 
physical environment, restoration of the original abiotic conditions by for example removing 
dikes or lowering nutrient loading may not suffice to restore the pre-disturbance ecosystem 
community and functions. 
Here, we examined whether intraspecific facilitation may be key factor in explaining the 
persistence of native common reed, Phragmites australis (Cav.) Trin. Ex Steud., (hereafter 
Phragmites) in modified coastal wetlands (see Supplementary Figure 1 for a graphical 
representation of our hypothesis). Phragmites is known as a successful invader in marine 
coastal zones and inland salt marshes, causing extensive ecological and economic damage 
(Zedler et al., 1990, Chambers et al., 1999, Lynch and Saltonstall, 2002, Hazelton et al., 
2014, Altartouri et al., 2014). Although the well-known invasion of North American coastal 
marshes is primarily caused by the introduction of an aggressive Eurasian genotype (Saltonstall, 
2002), native strains in both the US and Europe are also expanding their ecological range 
and are increasingly intruding and attaining dominance in more saline environments (Lynch 
and Saltonstall, 2002, Altartouri et al., 2014). This habitat expansion has been attributed to 
increasing anthropogenic disturbances in coastal areas, leading to changes in hydrodynamic 
processes (e.g. construction of dams or drainage ditches), increased nutrient loading and 
decreased grazing pressure, that facilitate the establishment of the species (Van Deursen 
and Drost, 1990, Menard et al., 2002, Silliman and Bertness, 2004, Bart, 2006, King et 
al., 2007). Once established, however, Phragmites has proven to be particularly difficult to 
remove and restoring the abiotic conditions (e.g. tidal regime, nutrient loading) alone may 
be insufficient to rehabilitate the original halophytic communities (Konisky and Burdick, 
2004, Válega et al., 2008, Hazelton et al., 2014). Thus far this persistence has been ascribed 
to increased physiological tolerance of the Eurasian invasive haplotype (Saltonstall, 2002, 
Vasquez et al., 2005) and mediation of environmental stress through clonal integration, 
(Amsberry et al., 2000, Bart and Hartman, 2000, Chambers et al., 2003). However, 
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another potential, yet untested, explanation could be that Phragmites relies on density-
dependent modifications of the edaphic conditions to mitigate physiological stress in saline 
environments. Although natural establishment of Phragmites in saline conditions is very 
difficult, low-salinity windows in disturbed coastal wetlands can promote initial colonization 
after which intraspecific facilitation may cause established Phragmites stands to persist after 
the pre-disturbed hydrodynamic conditions are restored.
To test our hypothesis, we manipulated native European common reed (Phragmites australis) 
stands to reflect both established (clonally integrated) and pioneer (unconnected rhizomal 
fragments) stands and assigned them to freshwater and saline conditions in a full factorial 
design. We used the relative growth and survival rates as proxies to determine the success of 
both types of Phragmites stands in overcoming the physiological stress saline environments 
provide. In addition, we collected detailed information on both soil conditions and plant 
physiology to identify possible feedback mechanisms. 
Materials and Methods
Site description
The experiment was conducted using plant material from a mesohaline (11.1 ± 0.1 
psu at time of collection; (Fig. S6.2)) Phragmites marsh on the Wadden Sea island of 
Schiermonnikoog, the Netherlands (53°29’51”N, 6°13’10. 6”E). The coastal Phragmites 
marsh is situated on a former beach plain behind a man-made sand drift dike, which has 
altered the inundation regime of the back-barrier marsh since 1959. The reduced influence 
of seawater intrusion and the increased potential for freshwater seepage in the area led 
initially to the establishment of species rich mosaics of halophyte and calciphyte plant 
communities (van Tooren et al., 1993). However, over time, the isolated setting of the 
modified back-barrier marsh prevented the transport of organic matter out of the system 
and favored the establishment of more late-successional species such as Phragmites. The 
first sightings of Phragmites in this area date back to 1982, and since then it has rapidly 
taken over the marsh replacing former biodiverse communities (see Fig. S6.3 for the 
observed Phragmites distributions over time) (van Tooren et al., 1993, Pranger and Tolman, 
2012). Due to the presence of the artificial sand-barrier, which obstructs seawater flow 
form the North Sea, seawater now only intrudes the marsh during spring-tide related storm 
surges, when the water table is raised beyond 2.80 m above mean water level (MWL). 
The relative low position of the area – combined with a threshold at 2.80 m MWL at the 
entrance of the marsh – prevents seawater from flowing out of the system and saline 
conditions can prevail for several months. Depending on the rainfall and evaporation rates 
this can result in strongly fluctuating salinity levels in the upper soil layers (Olff et al., 1993) 
(Supplementary Figure 6.2). 
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Plant material
Intact winter-dormant (i.e. no live aboveground biomass) common reed (Phragmites 
australis) sods were cut in March 2015 from the back-barrier marsh of Schiermonnikoog 
and transported in 53 plastic containers (l:w:h= 50 x 45 x 30 cm) to the greenhouse facility 
of the Radboud University. The sods were cut in close proximity from each other (total 
area removed was ~24 m2) to minimize genetic differences between the experimental 
units. The dormant culms that had died off after the previous growing season were cut 
at ~5 cm above the ground to standardize starting conditions, while ensuring that they 
remained above water level. The pioneer treatment was created by first carefully removing 
the entire rhizomal network from a randomly selected subset of half of the experimental 
units, after which five healthy rhizomal fragments (12.28 ± 2.12 g FW; 21.02 ± 1.94 cm 
length) were replanted in the original soil of each manipulated unit. Although the soil 
of the pioneer treatments was inevitably disturbed during the removal of the rhizomal 
network, the soil of the established treatments was likewise disturbed when we manually 
removed all bulbs, roots and rhizomes of other species (e.g. Bolboschoenus maritimus, 
Agrostis stolonifera and Potentilla anserina). Both the established and pioneer treatments 
were flushed repeatedly with rainwater and kept at freshwater (1.2 ± 0.1 psu) conditions 
during a 10-week acclimation period. 
Experimental set-up
The potential importance of self-reinforcing feedbacks in mitigating the negative effects 
of saline conditions was tested by crossing the two Phragmites treatments (pioneer vs. 
established) with both saline and freshwater conditions in a 2 x 2 factorial design. This 
full-factorial design yielded four treatment combinations: pioneer saline (PS), pioneer 
freshwater (PF), established saline (ES), and established freshwater (EF), with 13 (PS; PF; 
EF) to 14 replicates (ES) per treatment (see Supplementary Figure 6.4 for pictures taken at 
the end of the experiment). For the saline treatment, artificial diluted seawater (20 psu) 
was made by dissolving synthetic sea salt (Tropic Marin®) in deionized water. At the start 
of the experiment the salinity levels as measured in the porewater were 19.4 ± 3.5 psu for 
the pioneer saline treatment and 20.3 ± 2.7 psu for the established saline treatment with 
no significant difference between the two (t22= 0.78; p=0.45). The freshwater treatments 
were kept at the initial salinity levels obtained during the acclimation period, which resulted 
in near-freshwater conditions with 1.00 ± 0.24 psu for the pioneer treatment and 0.48 ± 
0.10 psu for the established treatment. Moreover, at the end of the acclimation period the 
length of the plants was 17.6 ± 1.0 cm for the low-density pioneer treatment and 19.7 ± 
1.1 cm for the high-density established treatment with no significant differences between 
the two (t50=1.36; p=0.18). The experiment lasted for 39 days and was conducted at an 
open greenhouse facility of the Radboud University, where the experimental units were 
placed randomly to control for potential differences in temperature and light. The open 
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greenhouse facility  – which has a roof but no walls – allows for near-ambient conditions 
except for the direct influence of rain. Watering was done manually using deionized water to 
keep the plants under constant waterlogged conditions at ~1 cm above soil surface. During 
the experiment all sods were weeded once or twice a week to maintain monocultures of 
Phragmites.
Plant analyses
To calculate their growth rates (cm/day), the lengths of all individual shoots in the pioneer 
treatment were measured at the start and at the end of the experiment. For the established 
treatments, ten randomly selected shoots were marked and measured at the start of the 
experiment and re-measured at the end. At the end of the experiment, shoots with more 
than 20% living tissue were classified as being alive, while the others were considered 
deceased. 
After the final harvest, aboveground tissue from the measured shoots was pooled into a 
single subsample (1.90 ± 0.44 g FW) per experimental unit, which was then freeze-dried, 
grinded using a ball mill (M301, Retch, Haan, Germany) and stored for further analyses. 
Subsequently, C and N concentrations were determined using an elemental analyzer (Carlo 
Erba NA1500, Thermo Fisher Scientific, Waltham, MA, USA), and stable sulfur isotope 
ratios between 34S and 32S (δ34S) were analyzed using dynamic flash combustion ratio 
mass spectroscopy (Thermo Scientific Delta V Advantage plus EA 1110, Thermo Fisher 
Scientific Inc., Waltham, MA, USA) with BaSO4 as a standard. Furthermore, concentrations 
of sulfur (S), sodium (Na), phosphorus (P) and iron (Fe) were determined on 100 mg of 
the aboveground plant material through digestion with 4 ml of HNO3 (65%) and 1 ml of 
H2O2 (30%) in a microwave oven (MLS 1200 Mega, Milestone Inc., Sorisole, Italy), after 
which the samples were diluted and analyzed using an inductively coupled plasma emission 
(ICP) spectrophotometer (ICP-OES iCAP 6000; Thermo Fisher Scientific, Waltham, MA, 
USA). Free proline concentration (a proxy for osmotic stress of the aboveground shoots 
was determined by extraction using norValine as internal standard on 50 mg freeze-dried 
material according to van Dijk and Roelofs (1988). The freeze-dried extracts were dissolved 
in 0.01 N HCl and analyzed by High Performance Liquid Chromatography (Varian 920-LC 
Analytical HPLC, Varian Inc., Palo Alto, CA, USA).
Biogeochemical analyses
Sediment porewater samples were anaerobically collected at the end of the experiment using 
60 ml vacuumed syringes connected to 10-cm Rhizon samplers (Eijkelkamp, Giesbeek, the 
Netherlands). Total sulphide concentrations in the porewater was measured immediately 
after sampling in a mixture of 50% sulphide anti-oxidation-buffer and 50% sample, using 
an ion-specific silver-sulphide electrode (Lamers et al., 1998). In addition, concentrations 
of phosphate (PO4
3-), nitrate (NO3
-) and ammonium (NH4
+) were measured colourimetrically 
128  |  Chapter 6
on an Auto-Analyzer 3 system (Bran & Luebbe, Norderstedt, Germany or Skalar and Seal 
auto-analyzer), using ammonium molybdate, sulphanilamide and salicylate-based methods, 
respectively (Lamers et al., 1998). After diluting (3 times) and acidifying the sample using 
1% nitric acid (HNO3), the concentration of iron (Fe) was measured using ICP spectrometry 
(Supplementary Figure 6.5).
Statistical analyses
All statistical analyses were performed using the software program R (version 3.3.2, 
R development Core Team, 2017).  The interactive effects of the saline conditions and 
Phragmites treatment on both survival and growth of the shoots were analyzed using 
generalized linear mixed models (GLMM, lme4-package in R) with a binary logistic and 
a Gaussian distribution, respectively, and with experimental unit as a random factor. For 
fitting GLMM’s we first started by testing the complete model with all treatments and 
interactions and stepwise reduced the model by excluding non-significant interactions. 
As the complete statistical models with all treatments and interactions showed significant 
effects and interactions for both response variables (i.e. growth and survival), no further 
model reduction was required. Two-way factorial ANOVAs were conducted to assess the 
main and interactive effects of saline conditions and Phragmites treatment on different 
biogeochemical and plant physiological parameters. For every test, normality of the 
residuals was checked and if needed, the data were transformed using a square root or 
Box-Cox transformation. P-values lower than 0.05 were considered statistically significant.
Results
Plant growth response
At the end of the experiment all shoots in the freshwater treatments were alive. The growth 
rate differed between the Phragmites treatments with the plants in the pioneer treatment 
having a higher growth rate than the plants in the established treatment (Figure 6.1). In 
contrast, saline conditions negatively impacted both the survival and growth of Phragmites, 
but this effect was much smaller in the established treatment compared to the pioneer 
treatment (Figure 6.1). In the salinity treatment, shoot survival in the pioneer treatment 
was reduced to 62%, whereas survival in the established units remained very high at 97% 
(χ2=157796; p<0.001; Figure 6.1a). The growth rates of the shoots were on average 80% 
lower in saline conditions compared to the freshwater conditions (0.68 cm day-1 (F) vs. 
0.15 cm day-1 (S); χ2= 446; p<0.001; Figure 6.1b). However, we found a strong interaction 
between the type of Phragmites stand (pioneer vs. established) and the conditions in which 
the plants were grown (χ2= 64; p<0.001). Within the saline conditions we found plants in 
the established treatment to grow twice as fast as the plants from the pioneer treatment 
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(0.19 cm day-1 (ES) vs. 0.10 cm day-1 (PS)). In the freshwater treatment a reversed effect was 
found: plants in the pioneer treatment grew on average 48% faster than the plants in the 
established treatment (0.82 cm day-1 (PF) vs. 0.55 cm day-1 (EF)).
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Figure 6.1 | Response of the individual shoots in both Phragmites treatments (pioneer versus 
established) to fresh- and saltwater conditions (a) percentage of alive shoots after 39 days and (b) the 
growth rate of the shoots. S, P and SxP represent main effects of salinity (S), Phragmites treatment (P) 
and their interactions respectively. Error bars represent + SE.
Soil and plant physiochemical response
The addition of diluted seawater led to increased salinity, and enhanced dissolved sulphide 
levels (Figures 6.2a,d). However, we found both stressors to be significantly lower in the 
established treatment compared to the pioneer. Porewater salinity in the pioneer treatment 
increased over the course of the experiment from 19.4 ± 0.9 psu to 22.7 ± 0.9 psu, whereas 
the salinity of the established treatment decreased from 20.3 ± 0.7 psu to 17.0 ± 0.4 
psu (F1,49 =7.08 p=0.010; Figure 6.2a). Proline concentrations in the shoots were strongly 
enhanced in the salinity treatment (21.4 μmol g-1 (S) vs. 1.51 μmol g-1 (F); F1,49 = 361.14; 
p<0.001, Figure 6.2c). In addition, we found an interaction of type of Phragmites stand 
with the salinity treatment, with two times higher proline concentrations in the pioneer 
saline treatment (29.7 μmol g-1 (PS) vs. 13.1 μmol g-1 (ES); F1,47 = 7.09; p=0.045). The same 
was observed for the Na:K ratio, with an on average fifteen times higher ratio in the leaves 
of the plants grown under saline conditions (0.89 (S) vs. 0.06 (F); F1,48 = 364.14; p<0.001; 
Figure 6.2c). Similar to proline, a strong interaction effect of type of Phragmites stand 
with salinity resulted in a strong increase of Na concentrations in the leaves in the pioneer 
treatment (1.32 μmol g-1 (PS) vs. 0.47 μmol g-1 (ES); F1,48= 26.19; p< 0.001).
Porewater sulphide concentrations in the salinity treatments were, on average, more than 
twice as high in the pioneer versus the established units (802 μmol L-1 (PS) vs. 315 (ES) μmol 
L-1; F1,49= 7.34; p=0.009; Figure 6.2d). The lower sulphide concentrations in the established 
units were accompanied with a 55% decrease of total sulphur concentrations in the leaves 
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(141.3 μmol g-1 (ES) vs. 219.2 (PS) μmol g-1; F1,48= 12; p=0.001; Figure 6.2e). Moreover, 
the δ34S value was almost twice as low in the saline conditions (-17.3 (S) vs. -9.2 (F); F1,47 
= 341.4; p<0.001; Figure 6.2f), reflecting higher sulphide uptake, and to be almost 20% 
higher in the pioneer versus the established community (-19.2 (PS) vs. -15.5 (ES); F1,47 = 
24.0; p<0.001).
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Figure 6.2 | Facilitative effects of Phragmites australis on both (a) porewater salinity and (d) porewater 
sulfide levels. Intraspecific facilitation led to a decreased salinity levels which mitigated osmotic stress as 
measured by (b) proline levels and (c) Na:K ratio. Decreased sulfide levels led to (e) a lower total sulfur 
content of the shoots and (f) a lower δ34S, indicating lower sulfide uptake. S, P and SxP represent main 
effects of salinity (S), Phragmites treatment (P) and their interactions respectively. Error bars represent 
+ SE.
Additional chemical sediment and vegetation characteristics
We found N levels in the porewater to be enhanced in the salinity treatments and to be 
higher in the pioneer compared to the established treatments. NH4
+ concentrations were six 
times higher in porewater samples from the sods with saline water added (72.6 (S) μmol 
L-1 vs. 12.2 μmol L-1 (F); F1,46= 32.3; p<0.001; Figure 6.3a) and three times as high in the 
pioneer treatment (64.7 μmol L-1 (P) vs. 20.1 μmol L-1 (E); F1,46= 26.0; p<0.001). Nitrate was 
low in all treatments, ranging between 1.1 μmol L-1 in the established treatment under 
saline conditions (ES) and 4.3 μmol L-1 in the pioneer treatment in freshwater conditions 
(PF). In contrast, in the leaf tissue, the lowest N percentages were found in the saline 
conditions (2.0% (S) vs. 2.3% (F); F1,48= 12.9; p<0.001; Figure 6.3b). An interaction effect 
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between both types of treatments (Phragmites stand and salinity level) was found with the 
lowest percentage of N in the leaves of the plants in the established treatment under saline 
conditions and the highest in the pioneer plants in the freshwater treatment (1.8% (ES) vs. 
2.4% (PF); F1,48= 4.0; p=0.049). Phosphate concentrations in the porewater did not differ 
significantly between the salinity treatments and only a main effect of type of Phragmites 
treatment was found with phosphate levels being twice as high in the pioneer units (8.8 
μmol L-1 (P) vs. 3.4 μmol L-1 (E), F1,49= 8.3; p=0.006; Figure 6.3c). In the plant leaf tissue, 
we found no significant differences in P content between the two Phragmites treatments, 
but a decreased concentration in the saline conditions (0.18% (S) vs. 0.21% (F); F1,48= 9.0; 
p<0.004; Fig. 6.3d). C:N ratios reflected the leaf tissue N-content as they were found to be 
higher in the salinity treatments (21.5 g g-1 (S) vs. 18.0 g g-1 (F); F1,48= 17,92; p<0.001), and 
to be higher in the established treatments compared to the pioneer (21.4 g g-1 (E) vs. 18.2 g 
g-1 (P); F1,48= 16,28; p<0.001). An interaction effect was found with the highest C:N ratio in 
the established units within the saline treatment and the lowest in the pioneer units within 
the freshwater treatment (24.1 g g-1 (ES) vs. 17.0 g g-1 (PF); F1,48 = 6; p=0.022). 
Figure 6.3 | Porewater concentrations of (a) NH4
+, (c) PO4
3- and (e) Fe and the resulting plant 
concentrations with: (b) % N, (d) % P and (f) total concentration of Fe in the Phragmites shoots. 
S, P and SxP represent main effects of salinity (S), Phragmites treatment (P) and their interactions 
respectively. Error bars represent + SE.
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Finally, the Fe concentrations in the porewater were 3.5 times lower in the saline treatments 
(6.4 μM (S) vs. 22.1 μM (F); F1,47 = 137.8; p<0.001; Fig. 6.3e). Fe values were overall lower 
in the pioneer treatments, but this effect was most profound in the saline conditions, where 
it can potentially bind or precipitate sulphide as iron-sulphides (e.g. FeS and FeS2). The 
opposite was found for the Fe content of the plant tissue, as Fe concentrations in the 
leaves were higher in the pioneer treatment (3.2 μmol g-1 (P) vs. 2.6 μmol g-1 (E); F1, 48 = 6.7; 
p=0.013; Fig. 6.3f). In the saline treatment, however, Fe values were lower (2.5 μmol g-1 (S) 
vs. 3.3 μmol g-1 (F); F1,48 = 19.9; p<0.001).
Discussion
Despite the growing body of literature emphasizing the importance of intraspecific 
facilitation for the functioning and stability of many natural ecosystems (Halpern et al., 
2007, Silliman et al., 2015), their significance for explaining the persistence of unfavourable 
plant communities such as invasive species or weeds remained largely unexplored (Proeça 
et al., in press). Here, we experimentally demonstrate that, for Phragmites australis, 
density-dependent biogeochemical feedbacks strongly mitigate the negative effects of 
seawater flooding and therefore enhance its potential to persist in saline environments (see 
Supplementary Figure 6.4 for a graphical representation of these feedback mechanisms). In 
our experiment, we observed a clear shift from density-dependent competition in benign 
conditions to self-facilitation under environmental stress. In the freshwater treatment we 
found the pioneer stands to have a higher growth rate compared to their established 
counterparts. Although seawater flooding negatively affected both the survival and growth 
of Phragmites, we found these negative effects to be strongly reduced in established 
Phragmites stands. Our findings show that in modified coastal ecosystems, shifts in 
habitat-forming species can be hard to reverse when intraspecific facilitation allows the 
newly established community to persist under a wide range of environmental conditions. 
We therefore urge the need to identify the underlying feedback mechanisms to design 
appropriate restoration efforts when restoration to a pre-disturbed state is desired.  
Environmental conditions in salt marshes are detrimental to a wide range of species, 
as inundation by seawater leads to high soil salinity and anoxia. Both elevated salinity 
and anoxia-related high sulphide levels (generated by high rates of microbial sulphate 
reduction) are known to stunt the growth of Phragmites (Chambers et al., 2003). Whereas 
the majority of the plants in our pioneer treatment died or visibly suffered under saline 
conditions by losing photosynthetic tissue (Figure 6.1, Supplementary Figure 6.5), plants in 
our established treatment kept these two stressors at innocuous levels. Nutrient levels could 
not explain the observed effects (Figure 6.3), but we identified two plausible facilitative 
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mechanisms for the observed stress alleviation: (I) a higher rainwater infiltration rate in the 
top layer of the intact Phragmites sods, leading to a dilution of the dissolved salt levels in 
the root mat, and (II) enhanced soil oxygenation preventing the accumulation of phytotoxic 
sulphide (Figure 6.2). Furthermore, measurements on the physiological responses of the 
plants confirmed that these were the most likely stress-alleviating feedback mechanisms. 
We found the plants in the established treatment to be able to overcome ionic stress and 
sulphide toxicity respectively by: (I) osmotic adjustment, preventing the uptake of excess 
sodium and (II) a decrease in total sulphur content and moreover, a lower fraction derived 
from sulphide intrusion (Figure 6.2).
Similar to what we observed in our experiment, a positive feedback resulting from high 
rainwater infiltration and low evaporation in dense vegetation stands compared to sparsely 
vegetated or bare soils is a well-known, ecosystem-structuring phenomenon in many arid 
and salt marsh ecosystems (HilleRisLambers et al., 2001, Qi et al., 2018). The extensive 
rhizome and root systems of the plant likely created a more open soil structure, increasing 
the soil’s water holding capacity and stimulating soil infiltration. In addition, shading from 
the much higher plant density may have also reduced evaporation. At the start of our 
experiment salinity levels in our pioneer and established treatments were similar (19.4 ± 3.5 
psu and 20.3 ± 2.7 psu for the pioneer and established treatments, respectively). However, 
in the pioneer treatments we witnessed a 15% increase in porewater salinity at the end of 
the experiment, whereas the salinity levels in the established treatments decreased by 15% 
(Fig. 6.2a). Elevated salinity levels increase the osmotic pressure of the porewater, which 
in turn impairs the water and nutrient uptake of plant species and may subsequently lead 
to ionic imbalances or even toxicity (Hartzendorf and Rolletschek, 2001). We measured 
both the foliar free proline levels and the K+ and Na+ concentrations as a proxy for both 
osmotic adjustment and induced ionic toxicity and found large differences between the two 
Phragmites treatments in the saline conditions. Although the plants in the pioneer treatment 
accumulated twice as much proline, their Na+:K+ ratio was substantially higher due to both 
a lower contribution of K+ and a twofold increase of Na+, indicating high salinity stress in 
these treatments. In contrast, both proline concentrations and Na+:K+ ratios in the plant 
tissue were much lower in established treatments, suggesting that habitat-modification 
by increasing infiltration and decreasing evaporation rates can play an important role in 
escaping salinity stress. 
In saline coastal ecosystems, sediment organic matter is decomposed by bacteria and archaea 
that use the abundant sulphate from seawater as an alternative electron acceptor instead 
of oxygen and produce toxic sulphide as a metabolic end product (Lamers et al., 2013). 
Radial oxygen losses (ROL) from the roots of many marine plants, such as cordgrass and 
seagrass, chemically oxidize sulphide in the rhizosphere, thereby preventing the detrimental 
134  |  Chapter 6
effects of sulphide intrusion (Lee, 2003, Calleja et al., 2007, van der Heide et al., 2012). The 
observed three-fold reduction of sulphide in the established Phragmites treatment (below 
the value of 400 µmol L-1 known to be toxic to Phragmites (Chambers, 1997)) compared 
to the pioneer treatment in saline conditions can be explained by a density-dependent 
oxidation of the sediment (Howes et al., 1986, van der Heide et al., 2010) (Figure 6.2). 
This experimental finding links to previous field studies on sulphide-mediated die-backs 
of Phragmites marshes in Europe (Armstrong et al., 1996, Armstrong and Armstrong, 
2001). The authors reported a remarkably clumped configuration of surviving plants in 
these degraded marshes. Dense Phragmites clumps were sometimes still vigorous and their 
persistence was speculated to be the result of locally enhanced sediment oxygenation, 
preventing the patches from succumbing, while high sulphide levels outside the patches 
limited lateral expansion. Our experimental results support this hypothesis as we detected 
a strong decrease in sulphide concentration within the established Phragmites treatments 
compared to their pioneer counterparts. Moreover, plants in the pioneer treatment showed 
a clear physiological response to sulphide exposure as indicated by blackened root tips, 
enhanced sulphur concentration in the leaf tissue and a lower δ34S value (Figures 6.2e,f), 
which indicates enhanced sulphide intrusion (Carlson and Forrest, 1982, Holmer and Hasler-
Sheetal, 2014). Overall, we conclude that dense Phragmites stands can overcome sulphide 
toxicity by joint detoxification through radial oxygen loss.
We identified two distinct density-dependent self-reinforcing mechanisms – sulphide 
detoxification and alleviation of salinity stress – that are likely to act in concert or even 
synergistically to increase Phragmites persistence in (restored) saline coastal marshes. 
Although many habitat-modifying species generate multiple feedbacks, the potential 
importance of interactions between feedbacks on ecosystem dynamics has only recently 
been addressed by two studies (van de Leemput et al., 2016, Maxwell et al., 2017). For 
coastal and inland marshes dominated by Phragmites, salinity stress may lead to sulphide 
accumulation, because Phragmites plants that suffer from ionic stress often exhibit stunted 
growth, which in turn likely reduces radial oxygen losses to the rhizosphere (Rolletschek 
and Hartzendorf, 2000). Furthermore, both sulphide toxicity and ionic stress can lead to 
impaired nutrient (N, P) uptake which may restrict plant growth (Lamers et al., 2013). In 
addition, Phragmites shows a very high genetic variability, which could potentially impact 
the strength of the observed intraspecific facilitative mechanisms (Hansen et al., 2007). 
Overall, we conclude that the outcome of facilitative mechanisms are likely context-
dependent and may therefore differ across contrasting environments and genotypes. In 
our mesocosm experiment, for example, we found a surprisingly strong shift from self-
facilitation to competition. Whereas facilitation was the dominant interaction type in 
the salinity treatment, competition became the main driver in freshwater conditions, as 
indicated by a slower growth response in the established treatment compared to the 
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pioneer treatment. This finding is in line with the stress-gradient hypothesis, which predicts 
a shift from competition to facilitation with increasing physical stress levels (Bertness and 
Callaway, 1994, He et al., 2013). In the experiment, we tested only two salinity levels (~ 
0 vs. 20 psu), while in natural conditions, salinity increases along a gradient over which 
plant interactions gradually shift from competition to facilitation with increasing salinity. 
Facilitation finally collapses at salinity levels exceeding the physiological tolerance of 
Phragmites australis  (Michalet et al., 2006, Qi et al., 2018 (Supplementary Figure 6.1). So 
far, most experiments on the stress gradient hypothesis have been performed in the field 
and focused on interspecific facilitation enhancing biodiversity and productivity in plant 
communities. Recently, however, the effects of intraspecific or self-facilitation are more 
explicitly acknowledged (Fajardo and Mcintire, 2011; Qi et al., 2018, Proença et al., in 
press). Our experimental set-up allowed us to study the effects of intraspecific facilitation 
without potential interactions with other species enabling us to identify two positive 
feedback mechanisms that can increase the persistence of a relatively salt-intolerant species 
in saline field conditions. 
Our study emphasizes that self-reinforcing feedbacks may act as a double-edged sword 
in restoration ecology, by increasing the resilience of management target species but 
also complicating the eradication or restoration of non-target communities. Recently it 
was shown that harnessing positive intraspecific interactions in restoration designs – by 
clumping rather than spacing out individuals – can greatly enhance restoration successes 
of lost habitat-forming species in degraded systems (Silliman et al., 2015, Harpenslager 
et al., 2016, de Paoli et al., 2017, Derksen‐Hooijberg et al., 2018). Our study underlines 
these previous findings, but also calls for an extension of this framework: rather than 
harnessing positive interactions, efforts to restore target species in ecosystems dominated 
by unwanted habitat-modifying species should be aimed at breaking these self-sustaining 
feedback mechanisms. This requires a change in management perspective as current 
restoration practices are typically aimed at restoring pre-disturbance abiotic conditions to 
rehabilitate the original plant community and ecosystem functions (Zhao et al., 2016). This 
may, however, be insufficient for coastal ecosystems invaded or dominated by unwanted 
habitat-modifying species. In such cases, we argue that for successful restoration to pre-
disturbed conditions, the first aim should be on breaking the intra- or interspecific facilitative 
bonds of the altered community, for instance by temporarily increasing the environmental 
stress beyond the species’ buffering capacity, or by actively removing biomass to initiate a 
collapse of facilitative bonds (see Supplementary Figure 6.1 for a graphical representation) 
(Michalet et al., 2006, Halpern et al., 2007). Successful removal of the altered community 
may then be followed up by restoring the original communities, while taking their possible 
dependence on facilitative interactions into account. Our study highlights the critical role 
of intraspecific facilitation in coastal wetlands. We therefore argue that active restoration 
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measures such as sod cutting, the removal of tidal restrictions, and extended periods of 
seawater intrusion are necessary to restore modified wetlands to pre-disturbed conditions 
and rehabilitate the original halophytic communities.
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Supporting information
Supplementary Figure 6.1 | Schematic visualization of how intraspecific facilitation may increase 
the persistence of salt-intolerant species in coastal wetlands. In the case of Phragmites, the x-axis 
represents the influence of seawater intrusion in the environment and the y-axis the total biomass or 
cover of Phragmites. The species naturally occurs in freshwater to brackish conditions (A). Human-
mediated modifications in wetland hydrodynamics (e.g. construction of dams or dikes) can reduce 
seawater influence and therefore shift the community structure towards more brackish to freshwater 
species such as Phragmites when bifurcation point F2 is crossed (dashed left arrow). As a consequence 
of self-reinforcing feedbacks (i.e. intraspecific facilitation) that modify soil conditions, Phragmites can 
dominate and persist under a much larger saline tolerance range once established (AB), preventing 
species recovery when hydrodynamic conditions have been restored. To recover the original halophytic 
plant community (B) of these modified coastal wetlands, we suggest that conditions have to be pushed 
beyond the bifurcation point F1 (horizontal red dashed arrow). This can be achieved by either allowing 
a temporary increase in seawater intrusion by, for example, the construction of creeks or by actively 
removing the Phragmites vegetation biomass beyond the critical threshold (vertical red arrow) to break 
the self-facilitative bonds of the vegetation. Some of the symbols used in this figure were provided 
and modified with the courtesy of Tracey Saxby and Dieter Tracey, IAN image Library (ian.umces.edu/
imagelibrary).
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Supplementary Figure 6.2 | Salinity levels of Phragmites marsh on Schiermonnikoog. Salinity was 
measured in the pore water taken at 5 cm depth. Error bars represent ± SE.
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Supplementary Figure 6.3: Observed Phragmites distributions (A: 2004 & B: 2016) of the human-
modified coastal wetland positioned behind the sand-drift dike of Schiermonnikoog (C). The colours 
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Supplementary Figure 6.3 | Observed Phragmites distributions (A: 2004 & B: 2016) of the human-
fi l  i i  - ikoo  ( ). The colours on 
the maps (A&B) indicate total Phragmites cover (see legend). D) Depicts the total area of Phragmites in 
this coastal wetland for the year 1997, 2004, 2010 and 2016 respectively. Data are obtained from false 
colour images analyzed by Rijkswaterstaat (the Dutch agency for water management).
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Supplementary Figure 6.4 | Graphical representation of the facilitative mechanisms that increase the 
persistence of established Phragmites communities in coastal wetlands that are subjected to seawater 
flooding. In the pioneer community (A), the harsh edaphic conditions (i.e. high salinity and sulphide 
levels) inhibit the growth of Phragmites. In the established community (B), however, Phragmites is able 
to overcome the detrimental edaphic conditions by (I) oxidizing the high soil sulphide levels by releasing 
oxygen from its roots and (II) diluting the high salinity levels by increasing the rainwater infiltration rate. 
Some of the symbols used in this figure were provided and modified with the courtesy of Tracey Saxby, 
IAN image Library (ian.umces.edu/imagelibrary).
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Supplementary Figure 6.5 | Pictures of the four experimental treatments (pioneer saline (a), 
established saline (b), pioneer freshwater (c) and established freshwater (d)) taken at the end of the 
experiment.
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7.1. Context and aim of this thesis: a short recap
Barrier islands are valuable biogeomorphic landscapes that protect one-tenth of the 
world’s shorelines, harbour a variety of rare and unique species, and accommodate a great 
number of people and economical value (Titus, 1990, Feagin et al., 2010b, Barbier et 
al., 2011, Zinnert et al., 2016). However, global change-induced sea level rise and higher 
incidence of extreme weather events, along with anthropogenic modifications, may well 
threaten the natural dynamics and resilience of these valuable landforms, while their role 
in coastal protection simultaneously becomes more prominent (Oost et al., 2012, Vinent 
and Moore, 2015, de Groot et al., 2017). As these islands naturally emerge through 
complex and self-promoting interactions between biological and physical processes, 
they exhibit nonlinear or threshold behaviour. This may result in sudden transitions from 
high elevated landforms yielding a high protective power, to low sand flat barriers that 
barely mitigate storm impact once certain thresholds have been exceeded (Scheffer 
and Carpenter, 2003, Scheffer et al., 2012, Vinent and Moore, 2015). This threshold 
behaviour calls for the development of novel adaptive management strategies, aimed at 
harnessing the natural processes that form these coastal barriers and at retaining potential 
environmental stressors well within a safe distance from these thresholds (Folke et al., 
2004, deYoung et al., 2008, Rockström et al., 2009, Oost et al., 2012, Scheffer et al., 
2015, Stallins and Corenblit, 2017). To develop adequate management strategies for the 
preservation of the natural biogeomorphic landscape of barrier islands, we urgently need 
a better understanding of the biophysical processes dictating landscape formation, and of 
the effect of human-induced stabilization on these processes.
In this thesis, I focused on the biogeomorphic and ecological phase of barrier island 
biogeomorphological succession, using the partly stabilized mesotidal island of 
Schiermonnikoog in the Netherlands as a study system (see Figure 1.2). For the biogeomorphic 
phase, I studied the natural processes leading to the formation of coastal dune barriers on 
sandy beaches. For the ecological phase, I investigated the importance of herbivory and 
seawater intrusion for the composition and dynamics of an artificially stabilized back-barrier 
marsh (see Figure 1.2). This chapter integrates the most important findings of this thesis. 
First, I focus on the natural processes dictating the development and composition of the 
two subsystems (dunes and back-barrier marshes). Next, I extrapolate our findings from 
these biogeomorphic subsystems to other vegetated coastal ecosystems. Finally, I briefly 
zoom out to explore the self-organizing nature of barrier island landscapes. I conclude with 
several implications of the presented findings for the management of barrier islands. 
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7.2. Biophysical feedback mediating the formation of coastal 
dune barriers
7.2.1. Clonal expansion strategy explains sand capture 
Coastal dunes form the backbone of barrier islands, protecting the hinterland and facilitating 
the development of back-barrier marshes (Walters et al., 2014, Vinent and Moore, 2015). 
Therefore, barrier island formation and resilience are intrinsically linked to dune dynamics. 
However, the size and the shape of coastal dunes, and thus their ability to protect the 
hinterland, can vary greatly depending on the specific dune-building species involved (Hacker 
et al., 2012, Zarnetske et al., 2012, Seabloom et al., 2013, Durán and Moore, 2013). For 
example, studies on the west coast of the United States, where both Ammophila species 
co-occur (see Box 1.1), reported that dunes formed by European marram grass (Ammophila 
arenaria) are generally tall and steep, whereas dunes formed by American beach grass 
(Ammophila breviligulata) are much lower and wider (Hacker et al., 2012, Seabloom et 
al., 2013). I discovered that the dune building capacity of beach grasses is fundamentally 
linked to their inherent clonal expansion strategy (Chapter 2). During their initial phase 
of establishment on bare sandy beaches, dune grasses employ specialized random walk 
strategies (Box 7.1); thereby generating distinct spatial shoot organizations that determine 
their ability to modulate wind flow and capture sand. Interestingly, I found the expansion 
strategy of the species building the highest dunes worldwide, Ammophila arenaria, to 
be best described by a Lévy distribution of step sizes (see Box 7.1). This Lévy-type clonal 
expansion strategy generates multiple dense shoot clusters that optimize sand trapping 
efficiency, by maximizing local sand accumulation with minimum investment in rhizomal 
biomass. In contrast, I found its North American congener, Ammophila breviligulata, to 
exhibit a far more dispersed clonal expansion strategy that leads to a high sand trapping 
capacity over a much wider area (see Figure 7.1 for a graphical representation).
Box 7.1
Random walk models
Random walks are ubiquitous in nature and naturally arise in describing the stochastic motion 
of a wide variety of phenomena, ranging from microscopic objects such as pollen grain, 
whose motion is determined by collisions with molecules in surrounding fluids, to macro-scale 
phenomena such as stock market fluctuations (Brown, 1828, Einstein, 1905, Malkiel and 
McCue, 1985). A random walk consists of a series of steps of which the direction – or turning 
angle for a correlated random walk – and displacement are drawn randomly from a specific 
probability distribution. In biology, random walks have been extensively applied to describe 
the search patterns of foraging animals (Berg, 1993, Bartumeus et al., 2005, Nathan et al., 
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2008). The default model for describing animal movement has long been Brownian motion 
(Berg, 1993), for which the step sizes are drawn from an exponential distribution, leading 
to a very localized search path. However, in the past two decades a multitude of studies 
have found movement patterns deviating from this simple Brownian model, revealing a more 
heavy-tailed distribution of step sizes (i.e., large steps occur more frequently than expected 
from Brownian movement), that are better described by multi-scale or scale invariant models 
such as Composite Brownian (a hybrid model of two or more exponential distributions) or 
Lévy walks (described by a power-law distribution) (Viswanathan et al., 1999, Sims et al., 
2008, de Jager et al., 2012, Jansen et al., 2012).
7.2.2. Biophysical feedbacks unravelled: the role of spatial shoot organization 
Zarnetske and co-authors (2012) proposed a biophysical feedback mechanism between 
plant growth and sediment capture to be responsible for observed plant-specific differences 
in dune morphology. In their proposed feedback mechanism, species-specific differences 
in growth form determine sediment capture and in turn, sediment deposition reinforces 
these differences in growth form. However, the authors primarily focused on density-
dependent effects and the ability to develop vertically expanding tillers, ignoring the spatial 
shoot organization of these beach grasses. In this thesis, I demonstrate that the spatial 
shoot organization of beach grasses determines sand capture efficiency, and that shoot 
organization is dependent on sand deposition (Chapters 2 and 3). Specifically, I found 
sand deposition in itself – irrespective of the amount of sand – to cause a patchier shoot 
organization that closely resembled the Ammophila arenaria patterns observed in the 
field (Chapter 2). These results demonstrate that the plants tend to cluster more when 
they are deprived from sand, but that their shoot placement becomes more heavy-tailed – 
yielding a patchy organization – when they capture sand in natural conditions. In natural 
conditions, sand capture reinforces the growth of beach grasses by helping them escape the 
detrimental effects of frequent seawater flooding (Hesp, 1991, Maun, 1998, Stallins and 
Parker, 2003). In turn, too much sand accretion can negatively impact growth by causing 
burial stress and hampering photosynthetic activity (Yuan et al., 1993, Maun, 1998, Kent et 
al., 2005). Surprisingly, I found that plants surviving a constant high supply rate of sediment 
(total of 1 meter in a year) organized their shoots in the same manner as plants receiving 
only half a meter of sand, despite their much higher investment in vertically expanding 
rhizomes. To further unravel this biophysical feedback mechanism, I investigated the sand 
capture efficiency of the observed shoot organizations under the different sand deposition 
regimes. I found the more clustered shoot organization to yield both a higher per shoot 
and per rhizomal investment sand capture efficiency, indicating that the plants can organize 
their shoots to maximize sand capture in sand-poor environments. Hence, the results from 
this thesis show that shoot organization determines the sand trapping capacity of beach 
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grasses, and that it is potentially adaptive to optimize engineering strength depending on 
environmental conditions. 
7.2.3. A dual role for clonal networks? 
I found the complex rhizomal networks of beach grasses to mediate dune building by 
allowing for different spatial shoot organization strategies (Chapters 2 and 3). However, to 
what extent the various clonal network types affect the plant’s capacity to forage for nutrients 
remained unknown. In Chapter 4, I therefore investigated whether two contrasting beach 
grasses, the pioneer species Elytrigia juncea and the later successional species Ammophila 
arenaria, differ in their response to severing of their clonal network. I expected the heavy-
tailed clonal expansion strategy of Ammophila, which generates high-density shoot clusters, 
to be less beneficial when foraging for nutrients than the more dispersed clonal expansion 
strategy of Elytrigia, which allows the species to occupy a wide range of microsites and to 
escape competition for resources from neighbouring shoots. At the same time, previous 
studies found clonal plant species to respond to nutrient rich patches by shortening the 
distance between shoots and increasing branching intensity, thereby clustering on these 
favourable patches to optimize resource acquisition (Hutchings and de Kroon, 1994, de 
Kroon and Hutchings, 1995). Physiological integration of the individual shoots by a clonal 
network could therefore be more important in heterogeneous conditions, where resources 
are erratically distributed or which exhibit a high spatial variation in local stress levels 
(Stueffer et al., 1996, Pennings and Callaway, 2000). However, for the wide dissipative 
beach of Schiermonnikoog, spatial variation in nutrient availability was not a driving factor, 
as nutrients levels showed no spatial variation or relation to vegetation presence (Chapter 
4). 
Since I observed rapid degradation of the clonal network of Ammophila individuals in the 
field compared to the typically vivid (‘fleshy’) rhizomes between Elytrigia shoots, I expected 
clonal integration (i.e., resource translocation between shoots through their clonal network) 
to be an important trait for the pioneer species, but to be less important in Ammophila 
plants. However, in field conditions I found no effect of rhizome severing for both species 
at either end of their spatial distribution (i.e., beach to embryonic dune for Elytrigia and 
embryonic dune to foredune for Ammophila) (Chapter 4). Hence, these results indicate 
that the morphology of the clonal network of beach grasses plays an important role in 
optimizing sand capture (Chapters 2 and 3), but not in resource foraging or translocation if 
spatial variation of sparse nutrients is low (Chapter 4).  
7.2.4. Building resistance or remaining resilient
Tall coastal foredunes, as formed by Ammophila arenaria, are considered to be superior by 
coastal managers, because of the high coastal protection services they provide (Seabloom et 
al., 2013). By continuously capturing, stabilizing and outgrowing high rates of wind-blown 
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sediment, Ammophila arenaria can form dune ridges over 20 meters tall and eventually 
even escape the highest storm surges, preventing the extreme physical damage such storm 
events can cause (Seabloom et al., 2013). This may raise the question why not all dune 
grasses have evolved to build such high foredunes and permanently escape physical stress. 
Differences in environmental context, such as sand availability, climate or storm frequency 
set aside, different species with different dune-building strategies can co-occur within the 
same sandy beach system. In Chapter 4, I compared the resilience (i.e., the potential to 
recover from physical disturbance) to severe physical stress of the two dominant beach 
grasses of Western Europe, being the pioneer species Elytrigia juncea, that builds low, wide 
dune fields and the succeeding species Ammophila arenaria, that forms high, protective 
foredunes. I found the species to vary remarkably in their response to physical stress. 
Elytrigia always showed a high recovery potential, even at the lower end of its distribution 
(the beach) where the species remained relatively small (~3 times fewer shoots than on 
embryonic dunes) (Chapter 4). In contrast, Ammophila plants on the embryonic dunes 
showed a high resilience, whereas the plants on the foredunes never fully recovered. By 
assessing soil nutrient availability and foliar nutrient concentrations, I concluded that the 
plants, while better protected from the detrimental effects of seawater flooding, also lost 
the benefit of receiving external marine nutrient input at the high end of the biogeomorphic 
coastal dune gradient (Dugan et al., 2011, Schrama et al., 2013). Therefore, it seems that, 
by forming high coastal dune ridges and building resistance to storms, beach grasses 
become deprived from external nutrient input, which in turn decreases their resilience to 
physical stress. A potential explanation could be that beach grasses evolved different clonal 
expansion strategies that determine their sand trapping capacity, and therefore their ability 
to either withstand burial stress or to cope with coastal flooding or low nutrient availability, 
representing an evolutionary trade-off (see Figure 7.1 for graphical abstract of Chapters 2, 
3 and 4).
7.3. Self-facilitative feedbacks increase the persistence of climax 
state
On the West-Frisian barrier islands, the artificial stabilization of the island tails by the 
construction of sand-drift dikes has closed off the back-barrier marshes from marine 
influence (de Groot et al., 2017). This isolation has seriously impacted the composition and 
ecological functioning of these former saline ecosystems, causing species-rich communities 
to be replaced by mono-specific stands of climax vegetation such as sea couch (Elytrigia 
atherica) on the elevated areas and common reed (Phragmites australis) on the lower 
regions (Wolff et al., 2010, Veeneklaas et al., 2013). In this thesis, I concentrated on the 
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back-barrier marsh in the wake of the sand-drift dike of Schiermonnikoog (see Figure 7.2 
for the position). 
7.3.1. Heterogeneous marshes – balancing between opposing feedbacks
The heterogeneous spatial structure of the reed marsh, with a ~9 ha gap in the middle 
that functions as a roosting area for waterbirds, is maintained through intensive grazing 
by Greylag geese (Anser anser) (Chapter 5). This heterogeneous state was found to be 
very sensitive to perturbations, as a temporary exclusion of herbivores caused Phragmites 
to expand into the bare area, where self-facilitative feedbacks enabled it to persist after 
herbivore reintroduction (Figure 7.2). This implies that temporary reductions in geese 
numbers could result in a gradual expansion of the marsh edges. The shrinking of the roosting 
area for waterbirds could in turn provoke further reductions in grazing pressure (Chapter 
5). Overall, the current spatial structure of this artificially stabilized marsh, in which dense 
reed stands coexist with bare roosting areas, seems to have a low resilience to temporary 
herbivore release. In contrast, the heterogeneous structure of the more natural saltmarsh in 
the east of the island (Box 5.2), showed a remarkable high resilience to herbivore exclusion, 
as the system rapidly recovered upon herbivore reintroduction. The contrasting response 
of the two marsh systems to herbivore fluctuations illustrates the importance of the scale 
and strength of the interactions causing marsh heterogeneity. In the natural salt marsh, the 
increased vegetation biomass over a two-year time scale did not affect the topography of 
the marsh nor hamper grazer access upon reintroduction, enabling the system to rapidly 
switch back to its former state. In the brackish marsh behind the sand-drift dike, the two-
year expansion of vegetation biomass induced both an increase of marsh elevation and 
a hampering of grazer access due to the dense structure of Phragmites. In contrast, the 
sparsely growing Bolboschoenus was quickly removed upon reintroduction. Thus, these 
results underline the importance of monitoring not only the immediate and direct, but 
also the long-term and indirect response to perturbations, as species-specific feedback 
mechanisms can strongly impact ecosystem resilience. To prevent persistent changes in 
spatial structure of these high-productivity reed marshes, management strategies should 
first aim to minimize herbivore reductions, and second actively restore spatial structure by 
removing dense reed stands, once they overgrow former bare area.
7.3.2. Phragmites dominance through self-facilitative feedbacks 
Phragmites, the dominant species of the brackish marsh system, is a cosmopolitan species 
that often dominates the ecosystems it inhabits by forming dense and tall stands that 
outcompete or prevent the establishment of other species (Eller et al., 2017, Box 1.1). It 
strongly benefits from (human-mediated) disturbances that remove standing biomass and 
create bare gaps that Phragmites can exploit and colonize (Stephen et al., 2001, Bertness et 
al., 2002, Bart and Hartman, 2003, Minchinton and Bertness, 2003, Bhattarai and Cronin, 
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2014). Through clonal expansion, the species can rapidly generate high local shoot numbers 
and colonize bare gaps, thereby excluding the establishment of other, often smaller, plant 
species (Amsberry, 2000, Clevering and van der Toorn, 2000). In this thesis, I presented 
several self-facilitative feedback mechanisms that increase Phragmites persistence under 
a range of environmental conditions, wider than would be expected from its individual 
tolerance (Chapters 5 and 6). In Chapter 5, I showed that dense reed stands exclude grazers 
and further prevent grubbing by accumulating litter and increasing elevation. This litter 
feedback can also have negative consequences, as organic matter decomposition in these 
brackish marshes is primarily performed under anaerobic conditions by sulphate-reducing 
bacteria that produce phytotoxic sulphide as a metabolic end product (Lamers et al., 2013). 
However, in Chapter 6 I show that Phragmites can overcome sulphide toxicity by joint 
detoxification (i.e., oxidation to sulphate) through radial oxygen loss (Figure 7.2). This 
sulphide detoxification can, in concert with enhanced rainwater infiltration in dense reed 
stands, explain the persistence of Phragmites in coastal marshes that experience more or 
less frequent seawater input (Figure 7.2). 
7.4. Clonal plants as builders of coastal landscapes
In this thesis, I reported on the importance of clonal expansion for manipulating shoot 
placement and optimizing biogeomorphic feedbacks (Chapters 2 and 3), and for rapidly 
generating high shoot densities to exclude herbivores or modify local edaphic conditions 
through biogeochemical feedbacks (Chapters 5 and 6). Although this thesis only covers 
two types of vegetated coastal ecosystems (i.e., coastal dunes and brackish wetlands), 
I anticipate these findings to be of importance for the formation and functioning of 
other vegetated coastal ecosystems as well, such as salt marshes or seagrass meadows. 
Vegetated coastal ecosystems, and the important ecosystem services they offer, are globally 
declining at alarming rates (Costanza et al., 1997, Orth et al., 2006, Worm et al., 2006, 
Barbier et al., 2008, Barbier et al., 2011, Duarte et al., 2013), while simultaneously they 
are becoming more important in relation to global change. Therefore, we urgently need 
to better understand the natural processes and interactions that govern the formation 
and dynamics of these valuable coastal landscapes. Although the key role of vegetation-
landform feedback interactions has been increasingly recognized in the past two decades, 
we still remain largely oblivious to the potentially crucial role of species-specific traits in 
mediating these feedbacks. Several physical plant traits, such as stem density, stiffness or 
height have been shown to affect feedback strength, by differently modulating flows of 
wind and water (Puijalon et al., 2011, Zarnetske et al., 2012, Bouma et al., 2013). In 
addition, a recent paper by Schwarz and colleagues (2018) showed that life-history traits, 
such as establishment probability and colonization rates, can steer salt marsh morphology 
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by either stabilizing existing landscape configuration or by actively facilitating further 
landscape self-organization. The results from this thesis show that not only colonization 
rate (seed versus clonal dispersal) determines landscape morphology, but that species have 
evolved different clonal expansion strategies that optimize their landscape-forming abilities 
(Chapters 2 and 3). Depending on the harshness of the environment, tight shoot clustering 
(following a Brownian walk strategy, see Box 7.1) can yield high survival rates by locally 
modifying the environment. At the same time, spatial expansion will be relatively slow or 
can even be hampered by flow divergence inhibiting adjacent expansion (Bouma et al., 
2009). By employing a more heavy-tailed expansion strategy, clonal plants can steer the 
flow between several smaller patches, thereby holding the precarious balance between 
positive and negative feedbacks. In addition, if species can adapt their clonal expansion 
strategy depending on environmental conditions (Chapter 3), we could potentially use the 
specific spatial organization pattern of colonizing plants as an indicator of the harshness 
or resilience of the ecosystem. Furthermore, these vital coastal ecosystems are notoriously 
difficult to restore, because of their feedback-dependency that prevents establishment 
in degraded, bare systems (Silliman et al., 2015, Maxwell et al., 2017). Fundamental 
knowledge of the self-organizing behaviour of clonally expanding plants could aid in 
designing restoration schemes that mirror the natural shoot organization of the species, 
depending on local environmental conditions. 
7.5. Barrier islands as self-organizing landscapes
Throughout this thesis, I mainly focused on small plant-scale processes that dictate the 
formation or functioning of their habitat through plant-dependent feedbacks. However, 
if we zoom out from the two sub habitats discussed in this thesis (i.e., coastal dunes and 
back-barrier marshes) to the landscape level of a barrier island, we can see some clear 
regularity in its morphology, with high dune areas intersected by low interdune or washover 
areas (Figure 7.3a,b). Based on island morphology, Vinent and Moore (2015) proposed to 
classify barrier islands as either high elevated islands with vegetated dunes or low elevated 
islands without vegetated dunes. However, depending on the environmental conditions, I 
propose that barrier islands are heterogeneous in nature and can accommodate both high 
vegetated dunes and low interdune regions as a result of self-organizing processes. Similar 
to the vegetation-induced formation of creeks, as described for salt marshes (Temmerman 
et al., 2007, van Wesenbeeck et al., 2008), scale-dependent feedbacks may lead to the 
emergence of a bimodal barrier landscape were high, biologically engineered, dune states 
alternate with low, unmodified, states. During high water events, seawater is redirected 
around the dunes, causing concentrated flows of seawater to maintain the low-lying regions 
open. As a first indication of whether barrier islands’ morphology expresses such bimodality, 
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I performed a potential analysis (Figure 7.3c). This analysis fits a probability density function 
to a state variable, per interval along an environmental stress gradient. Here, I looked at how 
elevation, as a proxy for dune formation driven by biophysical plant-landform feedbacks, 
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Figure 7.3 | Digital Elevation Model of a) the island tail of the mesotidal barrier island of Spiekeroog in 
the German Wadden Sea, and b) region of microtidal Chandaleur barrier islands in the Gulf of Mexico 
(USA). c) Potential landscape of Spiekeroog island tail morphology. Potential analysis on elevation (m 
above Mean Water Level (MWL)) of the coastal dunes across the island width (from sea (0 MWL) to 
800 m inland). Dark and light shades depict surface elevation ranges of high and low occurrence, 
respectively. The dark dots depict attractors (maxima in occurrence) and the open markers depict 
repellors (minima in occurrence). The analysis reveals a region of bimodality from 300 to 500 m from 
the 0 MWL line. 
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varies with distance from sea, as a proxy for the extent of local hydrodynamic forcing. The 
potential analysis is based on the principle that, if multiple ecosystem states exist due to the 
presence of internal feedbacks, transitions between these states will be sudden, because 
intermediate states are inherently unstable. As a consequence, the occurrence of multiple 
peaks or maxima in a fitted probability density function indicates multiple ‘attractors’ (stable 
states); lows in occurrence or minima are ‘repellors’ (unstable states) (Livina and Lenton, 
2007, Hirota et al., 2011, de Fouw et al., 2016, Van Belzen et al., 2017). Here, I derived a 
probability density function from a Digital Elevation Model of the Spiekeroog island tail, at 
a 4 m resolution along a coastal flooding gradient approximated by Euclidian distance from 
the 0 Mean Water Level line (i.e., distance from the sea). The potential analysis showed 
that, although the environmental conditions may vary considerably along the island’s 
length (e.g., hydrodynamic forcing, sand availability and island age), we can identify a clear 
region of bimodality at ~300-500 m from the sea. The existence of spatial bimodality in 
the coastal dunes of the East-Frisian barrier island of Spiekeroog is an important indication 
that barrier islands emerge through self-organization. However, to further elucidate the 
impact of artificial stabilization of dune barriers and the loss of spatial structure on island 
resilience, we first need to better understand the feedback mechanisms responsible for the 
observed spatial organization, and second we need to explore the response of both natural 
and stabilized islands to increased storm intensity. Then, by linking a modelling approach to 
statistical analyses on Digital Elevation Models of barrier islands, we can better understand 
island dynamics and explore whether dune patterns can be indicative of island resilience 
(Rietkerk et al., 2004). 
7.6. Implications for management of barrier islands
Sea level rise and increasing storm frequency and intensity threaten the future of barrier 
islands. Therefore, we are in dire need to understand both local and landscape-scale 
processes, including their interactions, to determine island resilience in response to climate 
change (Vinent and Moore, 2015, Zinnert et al., 2017). However, barrier island conservation 
is severely complicated by the nonlinear interactions between most processes and the likely 
existence of multiple interacting feedbacks, as they mask environmental impacts until 
critical thresholds are surpassed and the system suddenly collapses (Scheffer et al., 2009, 
Scheffer et al., 2012). These critical transitions might be anticipated by identifying early 
warning signals such as critical slowing down, or by using barrier island morphology as an 
indicator of landscape resilience. As such, this can aid in developing adequate management 
strategies or prioritize islands for restoration measures (Rietkerk et al., 2004, Dakos et al., 
2011, Dakos et al., 2015, Van Belzen et al., 2017). 
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Last century, the West-Frisian barrier islands in the north of the Netherlands have been 
artificially stabilized by sand-drift dikes that alter the natural organization of the coastal 
dune field by closing all interdune areas (Oost et al., 2012, de Groot et al., 2017, De Leeuw 
et al., 2008). This management strategy may have positively affected the resistance of 
these islands to storm impact, by obstructing the flow before it can reach the hinterland. 
However, on the longer term it may negatively impact the vertical growth of the island, 
by preventing sediment deposits during large storm surges (Wesselman et al., 2018). In 
addition, the artificially stabilized ridges have quickly shifted from dynamic dune landscapes, 
dominated by dune building grasses such as Ammophila arenaria, to completely stabilized 
dikes, covered by climax woody species such as Hippophae rhamnoides and Sambucus 
nigra ((Pranger and Tolman, 2012) and pers. obs.). This vegetation transition may have 
negatively impacted the resilience of these coastal barriers, as they lose the ability to self-
repair and recover once a particularly large storm hits and erodes the landform. In contrast, 
a dynamic landscape in which the self-organized structure with dunes and washover areas 
is maintained, can positively affect overall resilience of barrier islands to large-scale storm 
events. As it can allow divergence of seawater into the lower regions, shielding the dunes 
from full storm impact.
In recent years, concerns have grown about the impact of artificial stabilization of the West-
Frisian barrier islands on their future stability and ecological functioning (Feagin et al., 2010, 
Oost et al., 2012, de Groot et al., 2017). This has raised the question whether the natural 
landscape of these barrier islands should be restored by reconstructing washover areas on 
the uninhabited island tails. Based on the results of this thesis, I argue that we first need to 
recover natural dune dynamics and recreate washover areas before we can rejuvenate the 
climax marsh behind the sand-drift dike. For the reconstruction of the natural dune barrier 
landscape, I advice to not only create gaps in the present sand drift dike, but to also remove 
the shrub vegetation and the underlying organic layer, to reinstate aeolian dynamics. Once 
these washover areas are successfully restored, additional measures, besides reintroducing 
seawater intrusion, are likely needed to successfully replace the current climax situation 
by the former species-rich communities. In Chapter 6, I experimentally demonstrated that 
strong self-facilitative feedbacks allow the climax species, Phragmites australis, to persist 
even under high salinity levels of 20 psu. However, the removal of ~24 m2 area of reed 
marsh which was needed to perform this mesocosm experiment, enabled me to investigate 
the effectiveness of sod-cutting to remove the climax species (Chapter 5). I found the 
bare patches to persist over a period of at least two years (Supplementary Figure 5.8). 
They remained bare due to the intensive grazing of geese, which prevented vegetation 
recolonization (Chapter 5). 
I therefore propose that active management strategies, such as vegetation and topsoil 
removal are needed to clear away the current self-maintaining situation and to allow pioneer 
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species to re-establish. Once a dynamic, heterogeneous ecosystem is restored, grazing by 
geese will likely aid in maintaining the open structure and hampering the recolonization of 
climax species. 
7.7. Main conclusion
In this thesis, I identified several processes that drive the formation of coastal dune barriers 
and explain the persistence of a stabilized climax situation. The results show that complex 
landscapes on the scale of an island can emerge from interactions that play on the individual 
plant level. This knowledge can be applied in coastal restoration by designing new planting 
schemes that reflect the natural organization of its engineers. Moreover, it can help break 
the self-facilitative bonds of climax species, to reinstate natural dynamics and to allow 
recovery of pioneer stages. I therefore emphasize the need to study and harness positive 
feedbacks and self-organizing processes, from plant to landscape scale, for successful 
coastal conservation, management and restoration.
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Summary
A Song of Sand and Mud
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Chains of barrier islands protect about 10% of the world’s shorelines. These important 
landscapes are naturally formed through the interaction between physical and biological 
processes. Wind and water dynamics may move sediment particles, while vegetation 
can trap and stabilize these particles. However, the self-building capacity of these island 
landscapes is threatened by the construction and artificial stabilization of dune barriers. 
As a consequence of these modifications, storm-induced high water events are less likely 
to breach dune barriers and to reach the marshes situated in the wake of these dunes. 
Although these measures may initially protect the island from eroding, it also obstructs 
the movement of sediment from the sandy beaches and dunes to the muddy back-barrier. 
Eventually this may hamper landscape accretion and compensation for subsidence and sea-
level rise. To conserve the natural biogeomorphic landscape of barrier islands we need to 
better understand (I) the biophysical processes dictating landscape formation and (II) the 
effect of human-induced stabilization on these processes.
In this thesis I studied these island-shaping processes using the Dutch barrier island of 
Schiermonnikoog as a study system. In chapters 2-4 I studied the biophysical interactions 
between the clonal expansion strategy of dune grasses, wind-induced sediment transport 
and the nutrient-transporting benefits of coastal floodings that interactively determine 
the size and shape of coastal dunes. In addition, in chapters 5 and 6 I concentrated on 
the effects of herbivory and seawater intrusion on the composition and dynamics of 
an artificially stabilized back-barrier marsh. In this summary I briefly highlight the most 
important findings of the individual chapters of this thesis.
A Dance of Ammophila
The capacity of dune building grasses to trap and stabilize sand particles is typically related 
to their shoot density. Species that grow more shoot, are considered to build higher and 
therefore more protective dunes. However, the spatial configuration of these shoots 
has not previously been considered, although it may significantly impact wind flow and 
therefore the sediment accreting property of a species. In Chapter 2 I investigated how 
dune grasses move in space and how their resulting shoot configuration relates to their 
ability to trap sediment. I found that the dominant dune building grasses on either side of 
the Atlantic (i.e. European marram grass: Ammophila arenaria and American beach grass: 
Ammophila breviligulata) differ in their clonal expansion strategy. Whereas the European 
species performed an expansion strategy most similar to a Lévy walk – where primarily short 
steps are incidentally alternated with longer steps – the American species had a higher 
contribution of these longer steps. As a consequence, the European Ammophila created a 
clonal network of multiple dense tussocks connected by long rhizomes, whereas its American 
Summary  |  183
congener created a more dispersed shoot pattern. To investigate the relation between 
shoot configuration and sediment trapping, wind flow was simulated over these emerging 
patterns and this modelling approach was validated using grass mimics in a field setting. 
The results demonstrate that a dispersed shoot configuration – as found for American 
beach grass – may lead to a larger area of sand entrapment, while the patchy configuration 
of European marram grass may enhance sand trapping efficiency by minimizing the costs of 
forming connecting rhizomes and maximizing local sediment entrapment.  
A Clash of Sand
In Chapter 2, I studied the effects of shoot configuration on the ability of Ammophila 
species to modify wind flow and induce sediment accretion. To understand the two-way 
interactions between clonal plant movement and sediment accretion that dictate dune 
formation, the effect of sediment accretion on the species’ expansion strategy had to be 
unravelled as well In Chapter 3, I performed a mesocosm experiment in which I subjected 
European Ammophila plants to either 0, 50 or 100 cm of sand over the course of one 
year. The experimental results demonstrated that, in the absence of sediment addition, the 
plants were forming relatively less long rhizomes and exhibited a more clustering shoot 
configuration. When the plants regularly received sediment, their shoots were organized 
in a patchier pattern, similar to the configurations that we found in the field in Chapter 
2. Although the plants that received 4 cm of sand every other week (resulting in a meter 
over a one-year time period) were visibly suffering from excessive sand burial, their shoot 
organization did not differ from the plants that were subjected to half the amount of sand. 
These result highlight that the spatial shoot configuration of dune building grasses can 
differ depending on the environment and suggest that the clonal expansion strategy of 
landscape-forming plant species can be adaptive. 
A Game of Clones
In the previous Chapters (2,3) I focussed on the rhizomal architecture of dune building 
grasses in the context of their spatial organization and sediment capture. However, I did 
not study the importance of clonal integration (i.e. the sharing of resources through the 
clonal network between individual shoots) for clonal expansion and foraging. In Chapter 
4, I studied the importance of clonal integration by comparing the resilience of intact 
individual dune grasses with clonal individuals of which the clonal network was severed. 
The plants were subjected to severe physical stress (by clipping of all aboveground biomass) 
and their recovery rate was studied as a proxy for resilience. Surprisingly, there were no 
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differences between connected or severed individuals; instead the results showed that 
resource availability strongly determines their capacity to overcome disturbance. The plants 
that grew on the primary dune fields and were only very rarely flooded, were deprived from 
nutrients and had a much lower recovery rate. These results demonstrate that by trapping 
sediment and building dunes, beach grasses become more resistant to the detrimental 
effects of coastal floodings. However, they simultaneously loose the added benefits of 
marine nutrient input, which may lower their resilience to sever physical stress.
A Feast for Geese
In the first three Chapters (2-4) I focussed on plant-level processes that steer the formation 
of coastal dunes. In the remaining two Chapters (5,6) I discussed the importance of self-
facilitative feedbacks (i.e. interactions that promote the growth of a species with increasing 
density) for the spread and persistence of the climax species Phragmites australis. The 
artificial stabilization of the dune barriers on the Dutch Wadden Sea Islands has reduced the 
impact of seawater flooding on the back barrier marshes and promoted the establishment 
of Phragmites australis. The brackish reed marshes are heterogeneous in nature and consist 
of dense reed stands with large open areas that function as roosting and staging areas for 
numerous water birds. In this study I excluded grazing by greylag geese (Anser anser) on 
experimental plots for two consecutive years and afterwards monitored the effects of geese 
reintroduction on the spatial extent of the marsh. The experiment showed that in this high-
productivity marsh, geese hamper the further expansion of vegetation, while the dense 
structure of Phragmites hampers the grazing of geese within the marsh stands. The interplay 
of both processes leads to the emergence of a heterogeneous marsh, that functions as a 
valuable roosting area. However, the experiment also showed that a temporary reduction in 
geese grazing may induce persistent changes in the spatial structure of the marsh that are 
difficult to reverse naturally.   
A Storm of Salt
With the exclosure experiment (Chapter 5) I was able to study the dynamics of the back-
barrier marsh in a field situation. In the last Chapter of my thesis (6) I looked at what the 
effects of restoration of washover areas (i.e. natural gaps in the dune) would mean for the 
composition of the back-barrier marsh. I subjected both pioneer and dense Phragmites 
stands to fresh- and seawater conditions in a mesocosm experiment. I found that self-
facilitative biogeochemical feedbacks help dense reed stands overcome the detrimental 
effects of sulphide intrusion and osmotic stress caused by seawater inundation. These self-
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facilitative feedbacks may cause the dense reed stands to persist if artificial dune barriers 
are broken and the back-barrier marsh experiences more frequent seawater flooding.
Conclusion
The work I presented in this thesis shows that plant-mediated feedbacks strongly determine 
the formation and dynamics of barrier islands. In these biogeomorphic landscapes biology 
and physics are closely connected and cannot be studied in isolation. In addition, the 
different subhabitats (e.g. dunes, back-barrier marshes and tidal flats) all interact and natural 
or human-mediated changes of one system may impact the formation and dynamics of 
connected systems. To conserve these valuable landforms we must therefore disentangle the 
direction and strength of these interactions. In this thesis I have highlighted the importance 
of studying biophysical interactions on an individual plant level to understand landscape-
level processes. Furthermore, I show that the dependence on feedback mechanisms 
may increase the persistence of species but also provoke threshold behaviour in which a 
system may suddenly collapse. Therewith, this thesis stresses the importance studying and 
harnessing positive feedbacks and self-organizing processes, from plant to landscape scale, 
for successful coastal conservation, management and restoration.   
Samenvatting
Een Lied van Zand en Modder
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De Waddeneilanden; een paradijs voor veel mensen. Een plek waar je even uit kan waaien; 
struinend over de brede stranden of de bloemrijke zoutwatermoerassen. Een ketting van 
eilanden in het noorden van Nederland die het hart van vele mensen gestolen heeft. 
Dergelijke kettingen van eilanden vinden we niet alleen aan de Waddenzee. Maar liefst 
10 procent van alle kusten ter wereld wordt beschermd door dit soort eilanden. Barrière 
eilanden worden ze ook wel genoemd, omdat ze een barrière vormen tussen de dynamische 
oceanen en de kalmere intergetijdengebieden. De eilanden beginnen vaak als zandplaten, 
waar wind en water vrij spel hebben. De zee zet zand neer op de platen tijdens stormen, 
wat vervolgens door de wind opgepakt kan worden en elders terecht komt. Zodra planten 
de kans krijgen zich op het strand te vestigen zijn ze in staat het zand in te vangen en vast te 
houden met hun wortels. Over tijd kan de interactie tussen het bewegen van zand door wind 
en water en het vasthouden van zand door planten, tot de vorming van een duinlandschap 
leiden. In de luwte van deze duinen zijn de planten beschermd voor de meeste stormen 
vanuit de hoog-dynamische zee. Daar vestigen zich zoutminnende of brakke planten, die 
van slib en dood plantenmateriaal een modderig moeraslandschap bouwen.
Maar dit zelfvormende landschap van de Wadden is verstoord door de mens. Om veilig 
op de eilanden te kunnen wonen zijn de natuurlijke zoutwater moerassen ingepolderd 
en de dynamische duinen vastgelegd als stuifdijken. Deze maatregelen verhogen op korte 
termijn de veiligheid, maar voorkomen ook dat nieuw zand vanuit de zee afgezet kan 
worden op de eilanden. Op de lange termijn kan dit ophoging van het land en compensatie 
voor zeespiegelstijging voorkomen. Om het natuurlijke, zelf-vormende landschap van onze 
Waddeneilanden te beschermen moeten we ten eerste beter begrijpen hoe het samenspel 
tussen biologische en geofysische processen leidt tot landschapsvorming en ten tweede het 
effect van menselijk ingrijpen op die processen in kaart brengen.
In mijn proefschrift heb ik onderzoek gedaan naar deze eilandvormende processen op 
Schiermonnikoog. In Hoofdstuk 2-4 heb ik onderzoek gedaan naar hoe klonale groeivormen 
van planten, wind-afhankelijk transport van zand en het belang van overstroming voor 
voedselvoorziening voor planten gezamenlijk de bouw en vorm van een duin bepalen. In 
Hoofdstuk 5 en 6 daarentegen heb ik gekeken naar hoe ganzenbegrazing en overstroming 
door zeewater de vegetatie compositie en dynamiek van het gebied achter de gestabiliseerde 
stuifdijk op Schiermonnikoog beïnvloeden. In deze samenvatting doorloop ik de individuele 
hoofdstukken en sta ik stil bij de belangrijkste bevindingen van dit proefschrift. 
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A Dance of Ammophila
Duinen worden gevormd door duingrassen. Alleen de hoogte en de breedte van een duin is 
afhankelijk van welk soort gras het gevormd heeft. Over het algemeen wordt aangenomen 
dat soorten die meer scheuten groeien, hogere en dus meer beschermende duin barrières 
vormen. In Hoofdstuk 2 ben ik dieper ingegaan op hoe de ruimtelijke organisatie van planten 
duinvorming beïnvloedt in de eerste fase wanneer planten zich op het strand vestigen. 
Sommige duingrassen plaatsen namelijk hun nieuwe scheuten dichtbij, waarbij ze in dichte 
pollen groeien, terwijl anderen juist nieuwe scheuten op een grotere afstand plaatsen, 
waardoor ze zich snel verspreiden over een breed oppervlakte. Ik heb aangetoond dat deze 
verschillen in klonale groeipatronen leiden tot grote verschillen in zand invang. Daarnaast 
heb ik gevonden dat de klonale groeipatronen een wetmatigheid laten zien die eerder voor 
mobiele soorten zoals vogels, mieren, bacteriën en mensen zijn gevonden. Specifiek laat 
ik zien dat ons Europees helmgras een groeistrategie volgt die lijkt op een Lévy beweging, 
waarbij korte stapjes af en toe onderbroken worden met langere afstanden. Aan de andere 
kant van de Atlantische oceaan volgt het Amerikaanse helmgras een meer verspreide 
strategie waar het aandeel grote stappen veel hoger is. Middels een computersimulatie en 
een veldexperiment laat ik in Hoofdstuk 2 zien dat de verspreide strategie van Amerikaans 
helmgras leidt tot zand invang over een groter oppervlak, maar dat de Lévy beweging van 
Europees helmgras de zand invang efficiëntie verhoogt. Deze strategie, waarbij vele korte 
stapjes afgewisseld worden met enkele lange, optimaliseert namelijk het evenwicht tussen 
het invangen van zand en energie spenderen aan verplaatsing.   
A Clash of Sand
Het strand is een stressvolle plek om te groeien voor planten. Tijdens stormen raast 
het zeewater over het strand waardoor planten ontworteld raken en moeten kampen 
met zoutstress. Het vormen van duinen is een manier om deze stressvolle condities te 
ontsnappen, maar tegelijkertijd kan constante begraving door zand ook stress opleveren 
voor de planten. Als ze onder het zand terecht komen, ontvangen ze geen zonlicht meer 
waardoor ze niet kunnen fotosynthetiseren. Om begravingsstress te voorkomen hebben 
duingrassen verschillende mechanismen tot beschikking; ze maken verticale wortelstokken 
of verlengen hun bladeren zodat ze boven het zand uitkomen. In Hoofdstuk 2 heb ik 
gekeken naar de verschillende groeipatronen die klonale duingrassen vertonen, maar 
hierbij heb ik alleen gekeken naar de eerste fase van vestiging waarin de planten nog 
geen duintjes gevormd hebben. In Hoofdstuk 3 heb ik onderzoek gedaan naar wat zand 
invang betekent voor de groei en ruimtelijke organisatie van helmgras. Gedurende een 
jaar heb ik de groei van planten gevolgd die ofwel geen, ofwel een halve meter ofwel 
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een meter zand ontvingen verspreid over het jaar. De resultaten van deze proef laten zien 
dat die klonale groeipatronen in zekere zin plastisch zijn en afhangen van de omgeving. 
Planten die geen zand ontvingen over de periode van een jaar gingen namelijk dichter bij 
elkaar groeien en maakte zelden langere afstanden. De groeipatronen van planten die 
wel zand toebedeeld kregen waren gelijk aan de patronen die we in het veld aantroffen 
in Hoofdstuk 2, ongeacht de hoeveelheid zand. Ondanks dat een meter zand (wat twee 
keer zoveel is als normaal op de Nederlandse kust valt) teveel was en de planten zichtbaar 
leden onder begravingstress was hun ruimtelijke groeipatroon gelijk aan de planten die een 
halve meter ontvingen. Deze proef laat zien dat planten hun ruimtelijke organisatie kunnen 
aanpassen aan hun omgeving.
A Game of Clones
De vorige twee hoofdstukken hebben aangetoond dat de structuur van een klonaal 
wortelstok stelsel bepalend is voor zand invang van planten en voor het meegroeien met het 
zand en waardoor het duinen kan bouwen. Of duingrassen echter ook afhankelijk zijn van 
deze wortelstok verbindingen tussen scheuten voor hun overleving door voedingsstoffen 
uit te wisselen is nog niet bekend. In Hoofdstuk 4 heb ik gekeken naar het belang van 
die klonale verbindingen tussen scheuten voor hun veerkracht, door scheuten eerst af te 
knippen en vervolgens te kijken naar hoe snel ze weer terug kunnen groeien. Verrassend 
genoeg vond ik geen verschillen in groei tussen planten die nog intact waren of planten 
waarvan hun verbindingen verbroken waren. Wel vond ik een duidelijke effect van waar 
de planten groeiden. Planten die in de voorlinie stonden op het strand of in de embryonale 
duinen groeiden allemaal snel terug, terwijl de planten die verder op het duin stonden, 
nooit herstelden. Analyses naar de voedingsstoffen in de grond en het plantenweefsel 
laten zien dat planten die boven op een duin groeien zelden tot nooit meer overspoeld 
worden door zeewater, maar daardoor ook de aanvoer van nieuwe voedingsstoffen 
verliezen. Het bouwen van een duin maakt de planten dus beter beschermd tegen stormen 
en overspoeling, maar tegelijkertijd verliezen ze de mogelijkheid om zich weer te herstellen 
als ze beschadigd raken. 
A Feast for Geese
De eerste drie Hoofdstukken (2-4) gingen over de vorming van duinen, in de laatste twee 
hoofdstukken (5-6) behandel ik de biotische en abiotische interacties die de ruimtelijke 
vormgeving en dynamiek van het rietmoeras achter de stuifdijk op Schiermonnikoog 
bepalen. De bouw van stuifdijken op de Waddeneilanden heeft het natuurlijke proces van 
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overstroming tijdens stormvloeden teniet gedaan. Op Schiermonnikoog kan alleen bij de 
grootste stormen nog zeewater vanuit de Noordzee door het gat in de stuifdijk naar binnen. 
Het gebied achter de stuifdijk is in de jaren na de bouw van de stuijfdijk veranderd van 
een strandvlakte, naar een soortenrijk moeras waar zout- en kalkminnende soorten samen 
voorkwamen. Echter, de verminderde dynamiek gecombineerd met zoetwaterdruk door de 
stuifdijk hebben er waarschijnlijk toe geleid dat riet zich is gaan vestigen in het systeem eind 
jaren tachtig. In ongeveer twintig tot dertig jaar is het gebied veranderd van een soortenrijk 
moeras naar een monocultuur van riet. Het rietmoeras is echter nog op vele plekken 
open. Daar hoopt regenwater zich op en die plassen worden gebruikt als rust-, broed- en 
roestgebied door verschillende vogels. In Hoofdstuk 5 heb ik gekeken naar waarom die 
plekken openblijven en niet dichtgroeien door het snelgroeiende riet. Door kooien over de 
randen van het rietmoeras en de open plekken te plaatsen heb ik gevonden dat ganzen 
voorkomen dat de open plekken dichtgroeien. Door de jonge loten en wortelstokken te 
eten voorkomen ze dat het riet zich verder uitbreidt en het gehele gebied dichtgroeit. 
Maar ik heb ook gevonden dat het systeem heel gevoelig is voor schommelingen is ganzen 
aantallen. Zodra het riet – door tijdelijk afwezigheid van ganzen –  zich uit kan breiden, 
is het voor de ganzen haast onmogelijk het riet weer weg te krijgen doordat de dichte 
groeivorm de wortels en jonge loten beschermd. 
A Storm of Salt
In het laatste hoofdstuk van mijn proefschrift, Hoofdstuk 6, heb ik gekeken naar wat het 
herstellen van washover gebieden (zogenaamde kerven in de duinreep, waardoor water 
met hoogwater het achterland kan bereiken) zou betekenen voor de soortensamenstelling 
van het rietmoeras. Specifiek heb ik middels een experiment gekeken of het terugbrengen 
van overstroming door zeewater zou leiden tot het vervangen van de huidige rietvegetatie 
met de oorspronkelijk meer zoutminnende plantgemeenschappen. Uit het experiment 
bleek dat riet in hoge dichtheden in staat is zichzelf te beschermen door de negatieve 
effecten van zeewater te bufferen. Door zuurstof uit te scheiden via de wortels is het dichte 
riet namelijk in staat schadelijke zwavelverbindingen om te zetten. Tegelijkertijd zorgt de 
dichte wortelstructuur ervoor dat regenwater snel de bodem in kan trekken, waardoor de 
zoutconcentratie verdund wordt en de planten minder zoutstress hebben. Riet wat alleen 
groeit en nog geen dichte mat gevormd heeft kan dit echter niet en zal snel ten onder gaan 
aan zeewater stress. 
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Conclusie
In mijn proefschrift beschrijf ik verschillende manieren waarop planten hun omgeving 
beïnvloeden en uiteindelijk complexe landschappen zoals onze Waddeneilanden kunnen 
vormen. Biologische en geofyische processen zijn in dit soort landschappen dusdanig met 
elkaar verweven dat we ook wel spreken biogeomorfologische landschappen. Daarbij zijn 
ook de verschillende deelsystemen op een eiland (zoals duinen, kwelders en wadplaten) 
nauw met elkaar verbonden waardoor veranderingen in één van de deelsystemen ook 
effect kunnen hebben op een ander. Om deze waardevolle landschappen te beschermen 
moeten we daarom beter inzicht krijgen in wat de impact van natuurlijke veranderingen of 
natuurbeleid is op niet alleen de directe omgeving maar ook indirect op het functioneren 
van ander deelsystemen en het hele eiland. In dit proefschrift onderstreep ik het belang 
van bestuderen van kleine schaal processen, zoals de groeivorm van een enkele plantsoort, 
om landschapsschaal processen beter te begrijpen. Daarnaast laat ik zien dat het 
vermogen van planten om hun omgeving te veranderen en vorm te geven, leidt dat ze 
bestand zijn tot hogere stressniveaus. Maar ik laat ook zien dat als het gevolg van deze 
terugkoppelingsmechanismen een systeem plotseling in kan klappen wanneer bepaalde 
drempelwaarden overschreden worden. Daarom is het belangrijk het zelf-vormende 
landschap van de Wadden te koesteren en, daar waar het kan, de natuur zijn gang te laten.
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En dan is het ineens vijf jaar geleden dat ik met mijn zussen in Lissabon zat en bij het ontbijt 
zag dat ik twee gemiste oproepen had. ‘Oh jee, Tjisse heeft me gebeld, moet ik hem nu 
terugbellen?’ Met klamme handjes belde ik terug, maar ik juichte – zo luid dat Tjisse de 
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losgewroet werd van het studentleven, opnieuw wortelde in een rol als onderzoeker en 
waarvan dit proefschrift het duintje vormt waarop ik hoop verder te bouwen. Ik heb vrijheid 
gekregen en de kans om veel te leren – alles mocht en niks was onmogelijk – maar ik heb in 
die vier jaar vooral veel geweldige mensen leren kennen. In complexe systemen is het totaal 
meer dan de som van de afzonderlijk delen. Dat geldt ook voor mijn promotieonderzoek: 
jullie hebben hier aan bijgedragen door mee te denken, mee te helpen, afleiding te geven 
en daardoor mij, maar ook dit onderzoek, naar een hoger niveau getild.
Tjisse, jou wil ik natuurlijk als eerste bedanken voor werkelijk alles! Je bent een geweldig 
creatieve, enthousiaste en koppige onderzoeker. Jij leerde me anders naar de natuur en 
wetenschap te kijken: niets is toevallig, onverklaarbaar of onmogelijk. Positieve feedbacks 
begrijp ik pas echt als ik samen met jou in veld sta; we begrijpen elkaar bij een half woord, 
zwengelen elkaar aan en voor je het weet hebben we weer drie Science artikelen bedacht 
(nu nog een keer eentje publiceren ;-)). Ik ben ontzettend blij dat ik je heb leren kennen 
en dankbaar dat ik ook de komende vier jaar weer samen met je kan werken, lachen en 
borrelen!
Peter, jij bent de tweede persoon die mijn dank verdient. Wat hebben we op Schier 
gebuffeld. Met koude klauwen in het water voor het ‘porievocht’, baken in de hand slepen 
over het godganse eiland, samen dansen op Neeltje Jans om warm te blijven en ’s nachts 
ganzen koekeloeren op de kwelder bij -3°C. Jij bent de enige die me altijd overal wilden 
vergezellen (ook in de wintermaanden). Op Schiermonnikoog, Terschelling, Griend, Ierland, 
maar ook in Nijmegen bij de kassen en op het lab hebben we samen gebuffeld, gelachen, 
geborreld en gerend. Jouw hulp en kennis was onmisbaar, van aminozuurextracties tot ui 
snijden, ik heb ontzettend veel van je geleerd. 
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en bovenal hilarisch. Ik zal ons eerste veldbezoek naar Schier nooit vergeten en ik denk 
het eiland ook niet. Jij hebt me geleerd te denken als een plant en ‘saaie’ bodemchemie 
spannend gemaakt. Ik wil je bedanken voor je hulp met de inhoud van dit proefschrift, 
maar ik je vooral ook bedanken voor je enorme steun in het laatste halfjaar. Heel fijn dat je 
deur altijd open stond en ik elk moment binnen kon lopen voor hulp, advies of een praatje. 
Johan, jij kwam later mijn project binnen’walken’, maar hebt een grote stempel gedrukt 
op de inhoud. Ik vond het heel leuk om als veldecoloog de magische wereld van theoretici 
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en-Janneke’ taal gebruikte om ingewikkelde concepten uit te leggen en dat jij mijn 
tekeningetjes kon verifiëren met een model. Ik heb veel van je geleerd en met je gelachen 
tijdens alle meetings, workshops etc. Laten we dit blijven doen!
Han, tijdens het eerste veldbezoek aan Schier met jou legden we de kiem voor dit 
proefschrift. Jouw brede blik, kritische vragen en zoektocht naar ‘spannend’ onderzoek 
hebben me in dit vroege stadium van mijn promotieonderzoek geïnspireerd. Maar naast de 
inhoud, heb je met Ramses Shaffy op de Ambulant een diepe, diepe indruk op me gemaakt. 
Heel veel werk wat in dit proefschrift beschreven staat is uitgevoerd samen met een 
fantastische club studenten: Marloes, Greg, Lisanne, Sarah, Sean, Selwyn, Anne & Carlijn; 
jullie inzet, enthousiasme, hulp en ideeën hebben een belangrijke rol in de opmaak van dit 
proefschrift gespeeld. Marloes, mijn eerste student en meteen raak! Wat een lol hebben 
we samen gehad op Schier, in de kassen en in Ierland, waar we wolkjes tekenden en 
natte mossels uitzochten. Gelukkig blijven we elkaar, als collega’s maar vooral als goede 
vriendinnen, nog vaak zien! Greg, consider the following: I really enjoyed working with 
you. Your creativity and enthusiasm are inspiring. Although our barrier island model wasn’t 
done in time for this thesis, I’m working on it right now. Let’s make some sweet dunes 
appear! I am happy we could work together during our PhD’s and who knows what the 
future will bring… Lisanne en Sarah, jullie waren de eersten die met mij de wondere wereld 
van Lévy walks binnenwandelen. Bedankt voor jullie fantastische inzet met het inplanten 
van 60 km bezemdraden en ik ben super trots dat jullie uiteindelijk beiden jullie stage zo 
goed afgerond hebben. Dan the Fantastic Four: Sean, Selwyn, Anne & Carlijn. Van te voren 
vond ik het spannend om vier studenten tegelijk te begeleiden, maar jullie waren echt 
een geweldig team! Heel leuk dat vier zulke verschillende mensen zo goed samen konden 
werken en zoveel werk samen hebben verzet. Sean, jouw enthousiasme, gezelligheid en 
humor brengen licht in een groep. Zowel op Schier als in het lab of in de kassen bracht 
jij een prettig, warm Antilliaans zonnetje. Selwyn, serieus wat moest ik zonder jou? Jouw 
snelheid in denken, code schrijven en het aanleren van lastige concepten en theorie was 
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onmisbaar in mijn project, net als je heerlijk droge humor. Ook al ben je nu de wereld van 
macro-ecologie ingegaan als je ooit nog behoefte hebt aan het uitgraven van een plant ben 
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metingen nog moest gebeuren en klaagde nooit ondanks de nogal chaotische aard van het 
werk… Carlijn, hier begon het bij je eerste Masterstage samen met de rest van het team! 
Ik ben ontzettend blij dat je gesolliciteerd hebt bij ons en dat ik je nu in jouw PhD avontuur 
mag begeleiden. Je bent echt een harde veldwerker die niet uit het veld te slaan is, maar 
daarnaast ook nog erg creatief met analyses en een goede medeborrelaar. Ik kijk nu al uit 
naar alle komende avonturen in onze campervan met Clea! Daarnaast wil ik Rens, Eline 
en Lucy bedanken voor al jullie enthousiasme, werk en gepriegel met insecten, isotopen, 
planten en bodems. Jullie werk maakt geen deel uit van dit proefschrift maar is onmisbaar 
voor het Griendproject waar ik nu op doorwerk. 
Zonder de Fieldwork Company en Jannes in het bijzonder waren de schaal en complexiteit 
van mijn experimenten ietsjes kleiner geweest en daardoor misschien wel behapbaarder, 
maar zeker ook minder spannend ;-).  Jannes, Remco, Henk & Maarten jullie wil ik bedanken 
voor jullie harde werk, jullie creativiteit (bezemdraden als helmgras!), jullie flexibiliteit maar 
vooral ook voor de legertent, het Valerietpad en de lol!
Een uitstapje naar het Zeeuwse en de samenwerking met Jim en Koen zijn cruciaal geweest 
voor mijn onderzoek. Ik wil jullie bedanken voor jullie geduld met het uitleggen van 
complexe begrippen, voor de brainstromsessie vol ideeën en enthousiasme. Het werk is 
nog niet klaar, er kan nog veel onderzocht worden en ik hoop dat we in de toekomst nog 
veel samen zullen werken. Verder wil ik alle andere mensen van NIOZ EDS bedanken voor 
hun vriendelijkheid, hulp en gastvrijheid, ik heb me altijd thuis gevoeld aan d’n overkant. 
De waarde van een afdeling zit uiteindelijk niet in publicaties, impact factors of al die 
andere academische kul. De echte waarde zit in de mensen en de geborgenheid, waardoor 
je je veilig, gemotiveerd en geïnspireerd voelt. Collega’s zijn er om mee te werken en te 
sparren. Maar misschien nog veel belangrijker: om mee te kletsen, om op af te reageren, 
mee te lachen, koffie te drinken, steun uit te putten, bier te drinken, taart te eten, te 
dansen, uit eten te gaan, te rennen, spelletjes te spelen, nog meer te borrelen, ach vooruit 
nog een halfuurtje koffie drinken, samen op veldwerk te gaan, samen op vakantie te gaan 
en natuurlijk zo af en toe het laatste zonnetje te voelen tijdens (jawel) een borrel. De 
Ecologie afdelingen (Aquatisch, Planten en Dieren) ofwel Wing 1.1 waren een ontzettend 
fijn nest om mijn studie en promotie uit te voeren. Ten eerste wil ik natuurlijk al mijn collega 
PhD studenten bedanken, zonder jullie was deze tijd een stuk minder leuk geweestst: 
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Nicky, Valentini. 
Naast de PhD’s lopen er natuurlijk nog meer fantastische mensen rond op de afdeling, het 
GI en bij B-ware: analisten, studenten, universitair docenten, postdocs die stuk voor stuk 
heel belangrijk zijn geweest voor me. Bedankt Eric, Roy, Germa, Peter Cr, Hannie, Paul, 
Sebastiaan, Ankie, Hans, Joop, José B, Sarian, Fons, Annelies, Niels, Jim, Merit, Marjolijn, 
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Gerben, Dries, Jose van D., Moni, Gijs, Bas, Titi, Janny, Wilco, Mieke, Heidi, Henk, Eelke, 
Annemiek, José A, José J, Else, Peter Ch en sorry als ik mensen nog vergeten ben. Ook 
de mensen van de kassen wil ik natuurlijk nog speciaal bedanken voor de hulp en het 
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mag bestempelen.
Ik mis jullie.
Naast mijn directe collega’s heb ik het geluk gehad nog met veel andere mensen samen te 
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en vervoeren van 100 kuub zand en de hulp met plantjes steken. Bedankt Evert Jan voor 
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RUG en in het bijzonder, Jan, voor de vergunningen en de Herdershut op Schiermonnikoog. 
Ook iedereen die ik op de Herdershut heb mogen leren kennen wil ik hartelijk bedanken 
voor hun gezelligheid en in het bijzonder de Pater en Mater familias: Kees en Petra, die me 
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tijdens het scannen van mijn duinen, wat fantastisch dat we als oud bowlingmaatjes elkaar 
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200  |  Dankwoord
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